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THE INACTIVATION OF ADRENALINE 


By H. BLASCHKO, D. RICHTER anv H. SCHLOSSMANN 


From the Physiological Laboratory and the Biochemical 
| Laboratory, Cambridge 


(Received 4 December 1936) 


In this paper experimental evidence is given of the existence of a system 
in mammalian tissues which actively destroys the biological activity 
of adrenaline. 

Preliminary experiments showed that rat’s liver tissue accelerated 
the inactivation of adrenaline in the presence of oxygen. The system 
responsible for this inactivation has been obtained from liver, kidney and 
intestine in the form of cell-free extracts. The purification and properties 
of these extracts and a number of observations on the mechanism of the 
inactivating reaction are described. The evidence brought forward leads 
to the conclusion that the inactivating system is a specific enzyme which 
catalyses the oxidation of adrenaline and that the inactivating reaction 
is different from other oxidation reactions of adrenaline hitherto de-— 
scribed. 

The fate of adrenaline in the animal body is unknown. The drug 
autoxidizes readily in vitro and it has therefore often been assumed that 
the same mechanism is responsible for the inactivation in the body. 
But it is unlikely that autoxidation is the only cause of the rapid ~ 
inactivation in vivo as it has been observed that adrenaline is protected 
from autoxidation in the presence of certain tissues, tissue extracts, 
blood and other body fluids. The first observation of the protection of 
adrenaline was described by Oliver & Schafer [1895] who found that 
small amounts of suprarenal extracts retained their activity very much 
longer in blood than in aqueous solution. This observation has frequently 
been confirmed. It is now known that in blood and tissues an inhibitor of 
autoxidation is present, and the role of different substances such as 
amino acids [Abderhalden & Gellhorn, 1923; Wiltshire, 1931], 
glutathione [Welch, 1934], ascorbic acid [Heard & Welch, 1935] and 
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guanidine [Burns & Secker, 1936] as inhibitors of autoxidation has been 
discussed. 

“Phe rate of disappearance of sdrenaline is different in different 
organs; Elliott [1905] has shown that it does not disappear from the 
blood in its passage through the lungs, whereas it is removed from the 
circulation in the intestines and liver, as previously described by Carnot 
& Josserand [1902]. According to Trendelenburg [1929] and Pak 
[1926], the liver is of chief importance in the removal of adrenaline from 
the blood. They consider this removal to be due to the decomposition 
of the drug. . 

Elliott’s statement, that “adrenaline disappears in the tissues which 
it excites’, received some qualification through the findings of Pak [1926] 
in that he did not observe any appreciable removal of adrenaline from 
the blood in perfused hindlimbs. The question to what extent the various 
organs are active in removing adrenaline from the circulation calls for 
a more detailed examination. 

Attempts to demonstrate the inactivation of adrenaline by isolated 
tissues in vitro have led to contradictory results. Embden & v. Firth 
[1904] reported negative results when incubating tissue and tissue 
extracts with adrenaline, and Wiltshire [1931] observed even a pro- 
tection of adrenaline in the presence of tissues. On the other hand, other 
observers claimed to have found inactivation in mammalian tissues and 
extracts. Langlois [1897] found inactivation in extracts of rabbit's 
liver and intestine. More recently, Toscano Rico & Baptista [1935 a] 
found inactivation in extracts of the organs of various animals (see also 
‘Schiitz, 1933; Koehler, 1934). 

MeErTHops 

In studying the inactivation of adrenaline, tissue slices or extracts 
were incubated with adrenaline at 37° in Warburg manometer flasks 
of conical shape with one side bulb and an inner cup. This arrangement 
enabled the oxygen consumption to be measured. After suitable times 
the flasks were removed from the manometers and the remaining 
adrenaline activity was determined biologically. 

The biological evaluation was made either on the isolated intestine 
of the rabbit or by the cat’s blood-pressure method. The latter method 
is preferable for the evaluation of small amounts of adrenaline in the 
presence of tissue extracts, as in higher concentrations the extracts raise 


the tone of the intestine and make the response to adrenaline somewhat 
irregular. 
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The assay on rabbit's intestine was carried out with the experimental 
arrangement described elsewhere by one of us [Schlossmann, 1934]. 
The evaluation by cat’s blood pressure was done after an injection of 2... 
of a 5 p.c. novocaine solution through the membrana atlanto-occipitalis. 
The assay was always carried out immediately after the removal of the 
flasks from the thermostat; the possible loss in activity before making 
the estimation was generally negligible. It was found that further 
inactivation could be prevented by acidifying with hydrochloric acid; but 
in the experiments described this precaution was unnecessary. 

The adrenaline activities are recorded as percentages of the adrenaline 
concentration initially present. 

RESULTS 
Experiments with tissue slices 

In a series of preliminary experiments the rates of adrenaline dis- 
appearance in the presence and in the absence of slices of rat’s liver tissue 
were compared. In these experiments an acceleration of adrenaline 
inactivation in the presence of tissue was observed. This acceleration 
occurred only in the presence of oxygen; in nitrogen no inactivation was 
found either in the presence or absence of tissue. 

The tissue slice method, however, was not found to be suitable for 
the quantitative study of adrenaline inactivation. The rate of adrenaline 
disappearance in buffer solution cannot justifiably be compared with 
that in the presence of tissue, as with the tissue an unknown, amount 
of autoxidation inhibitor is added. The inhibition of the autoxidation 
may even counterbalance any destruction of adrenaline by the tissue. 
Although the latter was not the case in our experiments, it is possible 
that it was so in Embden & v. Fiirth’s [1904] and Wiltshire’s [1931] 
negative experiments. Bain & Suffolk [1936] have tried to avoid this 
difficulty by following the inactivation in blood with and without liver 
tissue. 

A second reason for abandoning the tissue slice method was that the 
respiration of the tissue was too large to allow an accurate measurement 
of any increased oxygen uptake due to adrenaline. 


Oxidation of adrenaline in liver extracts : 
The attempt was therefore made to obtain from rat’s liver an extract 
which accelerated the oxidative inactivation of adrenaline. Active 


extracts were prepared which were free from cells but contained granular 
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cell fragments. These extracts had a certain spontaneous oxygen uptake. 
On addition of adrenaline the oxygen uptake was greatly increased, as 
is shown by the following experiment: 


Oxidation of adrenaline in liver extracts. Adrenaline 1 : 1000. 37°; in O,. 

10 g. rat’s liver ground thoroughly with sand in a mortar, 20 c.c. M/15 phosphate buffer 
pH 7-3 added, centrifuged for 5 min.; the turbid supernatant fluid used as extract. 

In all later experiments the extracts were prepared as here described. 

Two manometer flasks were set up as follows: 


Flask No. ... | 2 

Main vessel 1-8 o.c. extract 1-8 o.c. extract 

Side bulb 0-2 c.c. water 0-2 c.c. adrenaline solution 1 : 100 
Inner cup 0-3 c.c. N KOH 0-3 o.c. N KOH 


The flasks were incubated at 37°, and after 85 min. the contents of the side bulbs were 
tipped into the main flasks. 


The oxygen uptakes are shown in Fig. 1. The difference between the 
readings in flasks 2 and 1 is shown in Fig. 2; this difference represents 
the additional oxygen uptake due to adrenaline. The subsequent figures 
show only the additional oxygen uptakes obtained in this way. 

Fig. 2 shows the characteristic course of the oxygen consumption 
due to adrenaline. It can be seen that the rate of oxygen uptake increased 
some time after the beginning of the experiment. In the experiment 
shown the total additional oxygen uptake was about 34 atoms of oxygen 
per molecule of adrenaline, and in a number of similar experiments it was 
between 34 and 4} atoms. 

Biological determinations of the adrenaline activity showed that all 
activity had disappeared when the additional oxygen uptake had come 
to an end. In order to relate the inactivation of the drug to the oxygen 
uptake, the reaction was allowed to take place for different lengths of 
time in a number of experiments, and the remaining activity was 
determined biologically after the oxygen uptake had been measured. 

The result of these experiments is shown in Fig. 3, in which the 
remaining adrenaline activity is plotted against the oxygen uptake. It 
can be seen that inactivation ‘was always complete when 2 atoms of 
oxygen per molecule of adrenaline had been taken up. Since the total 
oxygen uptake was about 4 atoms of oxygen per molecule, it follows that. 
the oxygen used in. the later part of the reaction oxidized not adrenaline 
itself, but the biologically inactive oxidation products of adrenaline. 
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Fig. 1. Oxygen uptake of rat’s liver extract with and without adrenaline 1 : 1000. 
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Fig. 2. Same experiment as in Fig. 1. Additional oxygen uptake due to adrenaline. 


5 


6 H.BLASCHKO, D. RICHTER AND H. SCHLOSSMANN 


Oxidation in liver extracts and autoxidation 
The autoxidation of adrenaline in buffer solutions shows characteristic 
differences from the oxidation in liver extracts just described. In rat’s 
liver extract the total additional oxygen uptake was about 4 atoms of 
oxygen per molecule of adrenaline. In experiments in which adrenaline 
was incubated in phosphate buffer solution (pH 7:3) only, the total 
oxygen uptake was found to be about 7 atoms of oxygen per molecule 


0 


Fig. 3. Relation between additional oxygen uptake and inactivation of adrenaline in rat 
liver extracts. Adrenaline 1 : 1000. 


of adrenaline. Duliére & Raper [1930] found 6-14 atoms of oxygen in 
a similar experiment at pH 8-0, and Welch [1934] reported an oxygen 
uptake of 7-8 atoms per molecule of adrenaline. 

A difference was also found in the relationship between inactivation 
and oxygen uptake. Adrenaline was incubated in M/15 phosphate 
buffer solution (pH 7-3) and the oxygen uptake was measured mano- 
metrically. The incubation was then interrupted at different stages of 
the reaction and the remaining adrenaline activity was determined 
biologically. A comparison of Fig. 4 with Fig. 3 shows that a larger 
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amount of oxygen was required to inactivate a given amount of adrenaline 
in the autoxidation of adrenaline than in the oxidation in the presence 
of extracts, . 

The characteristic differences of adrenaline oxidation in the presence 
and absence of liver extracts left no doubt that the mechanism of the 
two reactions was different. But it appeared probable that some 
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Fig. 4. Relation between oxygen uptake and inactivation of adrenaline in phosphate buffer 
solution pH 7-3. Adrenaline 1 : 1000. 


autoxidation also occurred in the presence of extracts. This was made 
likely by the shape of the curve shown in Fig. 2 and by the observation 
that in the extracts, as in the autoxidation of adrenaline, coloured 
oxidation products were formed. 


Effect of cyanide 

Attempts were therefore made to exclude autoxidation and secondary 

reactions by adding cyanide to the extracts. That autoxidation was 

effectively prevented by this means was shown by the fact that no 
colour developed. 

In the presence of cyanide, the oxidative inactivation of adrenaline 
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involved the uptake of only 1 atom of oxygen. A typical experiment 
follows: 


Oxidation of adrenaline in rat’s liver extract with and without 10-* M HON. 37°; in O,. 
Four manometer flasks were set up as follows: 


Flask No. ... 2 4 
Main vessel 1-7 extract 1-7 o.c. extract o.c. extract 1-7 o.c. extract 


+0-lo.c. water water +0loc. M/50 +01 0.0, M/50 
HCN solution HCN solution 
Side bulb water 0-2 c.c. adrenaline 0-2 c.c. water 0-2 o.c. adrenaline 
solution 1: 100 solution 1: 100 
Innercup 030.c.NKOH 0300c.NKOH 030.0. KOH- 03 oc. KOH- 
KCN* KCN* 
* KOH-KCN mixture according to Krebs [1935 
Initial adrenaline concentration in flasks 2 and 
flasks 3 and 4, M/1000. 


1 : 1000; cyanide concentration in 


200 


0 50 100 150 200 min. 
Fig. 5. Additional oxygen uptake due to adrenaline with and without 10-* M HCN. 
Adrenaline 1 : 1000. 


Fig. 5 shows the differences between the oxygen uptakes in flasks 2 
and 1 and in flasks 4 and 3 respectively. 

It can be seen that the rates of adrenaline oxidation were at first 
identical with and without cyanide, but that after a short time a difference 
developed. While the rate of oxygen uptake without cyanide remained 
constant or slightly increased, in the presence of cyanide the additional 
oxygen uptake slowed down and came to a standstill when 1 atom of 
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oxygen per molecule of adrenaline had been taken up. That all the 
adrenaline had then reacted was shown by biological determination. The 
inactivation during the course of the reaction was proportional to the 
oxygen uptake. This is shown in Fig. 6. 


T 


Adrenaline activity in p.c. of initial 
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Fig. 6. Relation between additional oxygen uptake and inactivation of adrenaline in 
10-* M HCN. Adrenaline 1 : 1000. 


It was confirmed in many experiments that in cyanide the increased 
oxygen uptake of the extracts stopped when 1 atom of oxygen per 
molecule of adrenaline had been taken up. This was not due to the 
inactivation or inhibition of the active system as was shown by adding 
more adrenaline, when the increased oxygen uptake recommenced. 

These experiments show that rat’s liver contains a cyanide-insensitive 
system that inactivates adrenaline in a reaction in the course of which 
1 atom of oxygen per molecule of adrenaline is consumed. The relation 
between inactivation and oxygen uptake should therefore be represented 
by the straight line drawn in Fig. 6; the points giving the experi- 
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mental results show a satisfactory agreement. No conclusions are 
drawn from these experiments as to the nature of the cyanide-sensitive 
oxidation. 


Distribution of the inactivat 

The characteristic course of adrenaline oxidation in the presence of 
cyanide gave a criterion that made it possible to find out where the 
inactivating system described was present and to distinguish the reaction 
catalysed by it from other oxidative reactions of adrenaline occurring 
in tissue extracts. It was assumed that the system was present in those 
extracts in which the oxygen uptake in 10-* M HCN was 1 atom of 
oxygen per molecule of adrenaline. By applying this test, the system 
was found in extracts from liver and kidney of all the animals so far 
gxamined—rat, guinea-pig and rabbit. The activity of liver tissue was 
ereater than that of kidney tissue; guinea-pig’s organs contained re- 
latively more activity than those of the rat and rabbit, but a survey of 
the distribution of the inactivating system remains to be carried out. 
Besides being present in liver and kidney, the system was found in 
extracts from guinea-pig’s small intestine; it was not present—at least 
in concentrations comparable to those — in these three organs—in 
skeletal muscle or in spleen. 

The data given demonstrate that the system was capable of in- 
activating a considerable amount of adrenaline in relatively short time: 
it can be calculated that in the experiment recorded in Fig. 5 the extract 
from 1 g. of rat’s liver was capable of inactivating 1 mg. adrenaline in > 
15 min. The activity of guinea-pig’s liver was still greater: 1 g. of tissue 
inactivated 1 mg. adrenaline in 8 min. 


Purification and properties of the system 

The experimental evidence so far reported made it likely that the 
system responsible for the inactivation was an enzyme. Experiments 
were therefore undertaken to purify the system and to study its pro- 
perties. The crude extract contained many substances that were possible 
substrates for oxidation, partly dialysable (amino acids, lower carbo- 
hydrates) and partly non-dialysable (glycogen). It was therefore desirable 
to remove these substances in order to reduce the spontaneous oxygen 
consumption of the extracts. In the following experiment liver extract 


was purified by dialysis and the glycogen was removed by digesting with 
takadiastase. 
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20 ¢.c. guinea-pig’s liver extract were digested with 0-04 g. taka- 
diastase for 25 min. at 35°, and then dialysed overnight. The specimen 
prepared in this way wasfound by Molisch’s test, after removing protein, 
to be carbohydrate-free. This preparation oxidized adrenaline in the 
same way as the crude extracts. 

It was also found possible to purify the system by precipitation with 
30 p.c. aloohol. The system prepared in this way consisted of a nearly 
colourless protein suspension. It kept its activity for several days at 0°, 
but was completely inactivated by heating for 5 min. at 80°. A specimen 
prepared in this manner containing 0-073 g. dry weight in 2 c.c. gave 
a spontaneous oxygen uptake of only 20 c.mm. in 2 hours at 37°, and 
oxidized 1 mg, of adrenaline in 25 min. under the conditions described 
above. 

Inbibition of odrenali ovidati 

When it was attempted to purify the preparations further by 
adsorption on kaolin it was found that with preparations purified beyond 
a certain point autoxidation of adrenaline set in even in the presence 
of cyanide: the oxygen uptake became abnormally high and coloured 
oxidation products were formed. 

It was clear that in the original extracts some other factor together 
with cyanide was inhibiting the autoxidation of adrenaline, and it 
appeared probable that the reducing substances such as ascorbic acid 
and sulphydryl compounds in the extracts were partly responsible. 

The question of the identity of the autoxidation inhibitor in tissue 
extracts lies outside the scope of the present investigation; but experi- 
ments on the autoxidation of adrenaline in buffer solution showed that 
whereas the autoxidation was inhibited comparatively little by 10-* M 
cyanide alone, it was inhibited very strongly by the combined action 
of HCN+glutathione. HCN+ascorbic acid was less effective, but 
HCN +cysteine inhibited strongly (see Fig. 7). These observations are 
in agreement with the findings of Heard & Welch [1935], who also 
observed a protection of adrenaline by glutathione, ascorbic acid, and 
cysteine. 

These experiments suggest that in the oxidation of adrenaline 
catalysed by tissue extracts in the presence of cyanide, the cyanide acts 
by protecting the autoxidation inhibitors of the tissue rather than by 
inhibiting the autoxidation of adrenaline directly. ! 
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Phe effect of inhibitors 
The effect of cyanide has already been described. Carbon monoxide 
was also tested. In a gas mixture containing 80 p.c. CO +20 p.c. O, the 
rate of oxidation of adrenaline in the presence of guinea-pig’s liver 
extracts was the same as that in air. 


— 


0 100 200 300 min. 


Fig. 7. Inhibition of autoxidation of adrenaline in phosphate buffer solution pH 7:3. 

A. 2..c. phosphate buffer + adrenaline 1 : 1000, 

B. 2 .c. phosphate buffer + adrenaline 1 : 1000 + 4/1000 HCN, 

C. 2,0. phosphate buffer + adrenaline 1 : 1000 + 4/1000 HCN +2 mg. ascorbic acid. 

D. 2 ¢.c. phosphate buffer + adrenaline 1 : 1000 + 4/1000 HCN + 1-6 mg. cysteine hydro- 
chloride. 

20.0. phosphate buffer + adrenaline 1 : 1000 + M@/1000 HCN +4 mg. reduced glutathione. 


In the presence of octyl alcohol the oxidation of adrenaline was 
strongly inhibited. Ethyl urethane also inhibited the cyanide-insensitive 
oxidation of adrenaline in extracts from guinea-pig’s and rat’s liver; 
glutathione did not inhibit. . 
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Influence of pH 
The autoxidation inhibitor in the extracts was not effective above 
pH 8-0. Autoxidation then became significant even in the presence of 
cyanide, and prevented observation beyond this value. Up to pH 8-0 
the activity of the preparation from rat’s liver was found to vary with 
the pH in the manner shown in Fig. 8. 


100 
| 
| 
5 6 7 8 9 pH 


Fig. 8. Effect of pH on the additional oxygen uptake in liver extract. 


Oxidation of |-(—)-adrenaline and d-( + )-adrenaline 
A comparison of the oxidation rates of the two stereoisomers of 
adrenaline showed a marked difference. A typical experiment is shown 
in Fig. 9. The naturally occurring levorotatory compound was oxidized 
at a rate twice that of the dextrorotatory substance. In the absence of 
cyanide the initial difference in the reaction rates disappeared after some 
time probably because secondary reactions such as autoxidation, which 
were not stereospecific, set in. Extract from rat’s kidney showed the 
same stereospecificity as those from liver. 


Other substrates 


Epinine, 0,H,(OH),CH,CH,NHCH,, was oxidized by the extracts in 
a similar manner to adrenaline. Fig. 10 gives an experiment with rat’s 
liver extract. It can be seen that the total additional oxygen uptake in 
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the absence of cyanide was less than for adrenaline, only about 2 atoms 
of oxygen per molecule of epinine—but in the presence of 10-* M HON 
about 1 atom of oxygen per molecule was taken up. 


6 90 120 150 min. 


Fig. 9. Oxidation of l-( — )-adrenaline and d-( + )-adrenaline in dialysed extract from guinea- 
pig’s liver with and without 1f-* M HCN. (After 270 min. the oxygen uptake of 
d-adrenaline in the presence of cyanide was approximately 1 atom of oxygen per 
molecule of adrenaline.) 


200 


0 50 100 min.. 


Fig. 10, Epinine oxidation in liver extract with and without 10-* M HCN. (Arrow on 
right margin denotes one atom of oxygen per molecule of epinine.) 


200 
1-Adrenaline 
| 150 
4 1-Adrenaline + 
oe 10° M HCN 
© d-Adrenaline + 
M HCN 
50 
A 
at 
100 B 
3 


THE INACTIVATION OF ADRENALINE 15 


Adrenalone’, C,H,(OH),COCH,NHCH,, behaved in a very different 
manner from adrenaline. The rate of oxidation was greater with cyanide 
than without and the reaction with cyanide proceeded beyond 1 atom of 
oxygen per molecule. In this case the possibility of a chemical reaction 
between adrenalone and cyanide must be considered. 

Experiments with other adrenaline derivatives will be reported in 
another paper. 

Reaction product 

Observations on the chemistry of the reaction product will be re- 
ported later, but it may be mentioned that the biologically inactive 
reaction product still gave the green coloration with ferric chloride 
characteristic of a catechol derivative. 


Discussion 


The adrenaline inactivating system in liver extracts had the normal 
characters of an enzyme: it was thermolabile, it was non-dialysable, it 
was sensitive to narcotics and it showed a marked stereospecificity. 

The action of inhibitors on the adrenaline oxidase distinguishes this 
enzyme from catechol oxidase, another enzyme known to oxidize adrenal- 
ine. The main differences are: 

(a) Catechol oxidase is poisoned by 10-* HCN and CO [Keilin, 1928], 
whereas adrenaline is not affected by these inhibitors. 

(6) Catechol oxidase is not inhibited by narcotics [Richter, 1934], 
whereas adrenaline oxidase is inhibited. 

(c) Catechol oxidase is known to be inhibited by sulphydryl com- 
pounds [Richter, 1934], and Toscano Rico & Baptista [19355] have 
demonstrated that the enzymic oxidation of adrenaline by potato juice 
is inhibited by reduced glutathione: the adrenaline oxidase is not affected 
by these compounds. 

That the product of the reaction was colourless and still gave a green 
colour with ferric chloride showed that the reaction is not identical with 
that catalysed by catechol oxidase. 

The question arises whether the system studied in these experiments 
is responsible for inactivation of adrenaline in the living animal. There 
is no known reason why the system should not be active in vivo. It is 
suggestive that the organs in which the system has so far been found 
include those which, according to Trendelenburg [1929], are mainly 
responsible for the removal of the drug from the circulation. 


1 We are gratefully indebted to the I.-G. Farbenindustrie, Frankfurt a./Main, for the 
gift of adrenalone. 
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While it seems justifiable to ascribe some function to the system, it 
may not be the only mechanism concerned in the oxidation of adrenaline 
in vivo. The experiments related above demonstrate that in tissue 
extracts at least two different kinds of oxidation can be distinguished, 
namely the enzymic oxidation described, and secondly an oxidation 
which resembles the autoxidation in buffer solution. The separation of 
these two different types of reaction was effected by making use of their 
different sensitivity to cyanide. 

The present paper does not deal with the cyanide-sensitive oxidation. 
It remains to be investigated whether this reaction is only autoxidation 
or whether an enzymic factor is also concerned. The extracts of spleen 
and muscle in which the adrenaline oxidase was not found in significant 
amounts also oxidized adrenaline, but this reaction was inhibited by 
cyanide. It is possible that part of this oxidation was due to a catechol 
oxidase the occurrence of which in mammalian tissues has recently been 
made likely by Keilin & Hartree [1936]. Substances found to act as 
inhibitors of the non-specific adrenaline oxidation in the extracts are at 
the same time inhibitors of catechol oxidase, and the possibility cannot 
be excluded that both autoxidation and oxidation by a catechol oxidase 
were simultaneously inhibited in our experiments. 

Whether the non-specific oxidation of adrenaline is responsible for 


any inactivation of the drug in vivo is doubtful in view of the fact that 
in the body the presence of reduced sulphydryl compounds should 
inhibit this type of reaction. This question had already been discussed by 
Welch [1934] and by Toscano Rico & Baptista [19355]. On the 
active under these conditions. 


SuMMARY 

1. Slices of rat’s liver tissue accelerated the inactivation of adrenaline 
in the presence of oxygen. 

2. Extracts from liver, kidney and intestine of rats, guinea-pigs and 
rabbits showed an increased oxygen uptake on the addition of adrenaline. 

3. The oxidation of adrenaline in these extracts in the presence of 
cyanide involved the uptake of 1 atom of oxygen per molecule of adrenal- 
ine; the adrenaline inactivation under these conditions was proportional 
to the oxygen uptake. 

4. The cyanide-insensitive wniditios of adrenaline in these extracts 
was inhibited by narcotics. It was not inhibited by carbon ee ° or 
glutathione. 
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5. The purification of the inactivating system is described; the 
system was non-dialysable and thermolabile. 

6. The system oxidized /-(—)-adrenaline twice as fast as d-(+)- 
adrenaline, 

It is a pleasure to thank Sir Joseph Barcroft and Sir Frederick Hopkins for their 
helpful advice and encouragement. We wish also to thank the Academic Assistance Council, 
the Medical Research Council and the Chemical Society for grants which have made this 
research possible. 
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ULTRAMICROSCOPIC PARTICLES IN NORMAL 
HUMAN BLOOD : 


By A. C. FRAZER anv H. C. STEWART'* 


From the Physiology Department, St Mary’s Hospital 
Medical School, London 


(Received 12 March 1937) 


THE apt description “Motes floating in the sunlight”, was given by 
Edmunds [1877] to the particles in normal serum seen under dark- 
ground illumination. Some twenty years later, Muller [1896] called 
these same bodies “‘Haemokonien” (blood dust). There is little doubt 
that these particles are identical with the molecular base of the chyle, 
which was described by Gulliver [1847]. Gage & Fish [1924] carried 
out investigations into the absorption and assimilation of fat using dark- 
ground examination as a method of observation. They not only confirmed 
the presence of these particles but also added much to the knowledge of 
their behaviour and variations. McDonagh [1927], and more recently 
Peters [1936], have studied the changes in the dark-ground picture in 
pathological sera. 

The object of our experiments is to confirm and amplify the findings 
of these earlier workers, and thus to define clearly the variations that may 
occur in the ultramicroscopic picture of normal blood. When the normal 
picture is clearly established, the factors responsible for these variations 
must be investigated. Finally, it is our intention to determine what part, 
if any, these particles may play in the defence mechanism of the body. 


EXPERIMENTAL 


Many preliminary experiments were made to determine the most 
suitable technique for obtaining particle counts. Blood was examined 
(i) as whole blood freshly shed, (ii) as plasma citrated, oxalated, and 
centrifuged, and (iii) as serum obtained after periods of incubation rang- 
ing from } hour to 24 hours. As a result of these investigations a standard 
technique was adopted, which gives accurate results and particle counts 
identical with those of freshly shed blood. Capillary blood is used as this 
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gives results similar to those obtained with arterial blood. The blood is 
collected from the finger or ear, and this is taken as being representative 
of the state of the blood throughout the arterial side of the systemic 
circulation. The venous blood is similar to the capillary blood if the particle 
counts are low, but when they are high there is a marked difference. 

The blood is collected into a fine capillary tube, made from alkali-free 
glass, and incubated for 2 hours at 37° C. The resultant serum is drawn 
off with a fina,glass pipette, and a small drop is placed on a specially 
prepared slide, mounted, and immediately examined. The slides used are 
1-0-1-2 mm. thick, checked by passing them through a micrometer 
screw gauge, and the cover slips are gauge 0. It is important that the 
slides should be as free as possible from scratches and defects, as these 
will interfere with the dark ground. To clean the slides they are boiled in 
chromic acid, washed with distilled water, stored in alcohol, and wiped 
dry just before use. All glassware used in these experiments is similarly 
treated. 

The specimen is examined under dark-ground illumination, using a 
Cardioid Condenser, 1/12 apochromatic objective, and x20 eyepiece. 
For visual purposes the illumination is supplied by a 100 W. pointolite or 
a ribbon filament lamp. For photography an arc lamp is essential. After 
much experimentation, the illuminant chosen is a 10 amp. arc lamp 
fitted with Conradty carbons and a variable resistance, through which 
24 or 34 amp. may be passed. The current is alternating, but pure carbons 
give a reasonably steady crater, and, by overloading, a very intense 
illumination can be obtained for a short time. 

With the arc lamp as a source of light, and since only black and white 
objects are being photographed, there is no advantage in using pan- 
chromatic plates. In fact, orthochromatic plates are more satisfactory in 
every way. Using these plates and the illumination described, photo- 
graphs have been taken with exposures up to 1/100 sec. Owing to the 
active Brownian movement of the particles, a rapid exposure is necessary. 
Arrest of movement appears to be complete at an exposure of 1/25 sec. 
Cinephotographs of the particles have also been prepared, using a similar 


technique. 
Normal dark-ground picture 
In examining a specimen, there are three definite planes that can be 
focused. Two consist of still particles which are adsorbed to the cover- 
slip or slide and should not be numerous in a good preparation. Between 
these will be seen a layer of moving particles, and it is this plane, where 


active Brownian movement can be seen, which is examined. 
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The particles are of two types, dull and bright. No alteration of 
lighting or focus will change a dull into a bright particle or vice versa. 
Examination with polarized light and various colour filters does not 
affect the picture. It would therefore seem to be an inherent property of 
the particle that determines to which class it belongs. The bright particles 
are arbitrarily divided into large and small. The small brights show active 
movement, are seen more frequently and in greater numbers. Under 
certain circumstances large bright particles, which have a “sticky” 
appearance and move sluggishly, may be seen. The dull particles are 
uniform in size, show active Brownian movement and are usually more 
numerous than the brights. Their actual size is difficult to compare. with 
that of the brights owing to the difference of refractility, but they appear 
definitely smaller. The size of the particles is about } as gauged by direct 
measurement, by comparison with objects of known size in the field, and 
from the dark-ground appearance of fine emulsions of known composition. 

The particles will continue in active movement on the slide for some 
hours and there is but little tendency to clump in normal serum. A few 
clumps of two or three particles are occasionally seen, but they do not 
appear to have any special significance. Other bodies may be present, 
such as red blood corpuscles, leucocytes, blood platelets, threads of 
fibrin, and very occasionally bacteria. With i improving technique these 
become rarities, 

The particles are counted in each specimen. In sera containing only a 
few particles this is simple, but after a meal it becomes increasingly 
difficult. In all cases the counting is carried out by three observers whose 
readings are averaged. If there is any marked difference in the individual 
results, a recount is made or a new specimen is prepared. The estimated 
error is not greater than 10 p.c. With sera containing large numbers of 
particles an eyepiece mask is used. A segment of 60° is cut out from the 
mask, The first observer thus counts 1/6 of the field, the next rotates the 
eyepiece and counts another sector. The individual figures are compared 
and averaged, and the result obtained is multiplied by the eyepiece 
factor. In this way a remarkably accurate count of a full serum can be 
made. With the use of this technique a number of human experiments 
have been done. 


The effect of a single meal upon the particle count 
Blood was collected in the morning before any food was taken. 
A normal breakfast was eaten, and specimens were collected at hourly 
intervals for. 7 hours. From the counts obtained curves were constructed 
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in which the numbers of particles in the standard field described form the 
ordinates, and the time intervals at which the specimens were taken, the 
abscisse. A typical curve is shown in Text-fig. 1. 

There is a marked rise in both bright and dull particles occurring 
within an hour of ingestion, which reaches a maximum in about 2 hours. 
This increase rapidly declines until the original level is reached in about 


Duration of experiment in hours 


Text-fig. 1. Serum particle curves from one human subject. The meal was a normal breakfast, 
no further food being taken during the experiment. Curve A shows dull particles, 
curve B small bright particles, curve C large bright particles. The curves show the 
relative proportions of these three types, which appear to be constant in all experi- 
ments. 


4 hours, This effect has been obtained on every occasion after the 
ingestion of a mixed meal and is in complete agreement with the findings 
of Gage and Fish. The two photographs (PI. I, figs. I and IT) show the 
minimum and maximum counts in such an experiment. 


The changes in the particle count during 24 hours with 
normal mized diet [Frazer & Stewart, 1936a] 
Two subjects on a normal mixed diet were used. Blood was collected 


every hour throughout the day and night. The curves obtained (Text-fig. 
2, top two curves) are similar from the two subjects and show clearly the 
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increase in the particles that occurs after each meal. During the last 
part of the curve, the number of particles shows a steady fall to the basic 
level throughout the night. 


Text-fig. 2. Serum particle curves of four human subjects. The two upper curves show varia- 
tions with the normal three meals as indicated by arrows. The two lower curves show 
the basic level that persisted during 24 hours’ starvation. 


Particle counts during 36 hours’ starvation 

Blood was collected at hourly intervals from two subjects undergoing 
complete starvation for 36 hours, and specimens for the last 24 hours of 
this period were taken for the curves (Text-fig. 2, two lower curves) to 
compare with those of the last series. During the starvation period only 
water was taken, and the subjects pursued their normal occupations 
during the day (attending lectures, etc.), The curves show a fall to the 
basic level, which is maintained with but little variation throughout the 
24 hours. The basic level is reached in about 20 hours after the last meal, 
when the post-absorptive period of the meal may be considered to end. 
More recently experiments have been made on subjects starving for 
longer periods, up to one week. These experiments will be the subject of 
another discussion, but they show a similar basic level throughout the 
starving period. | 

Variations in particle counts with fatty and non-fatty foods 
Two subjects 4 and B were used in this series. A took a fatty break- 


fast followed by a non-fatty lunch; B took a non-fatty breakfast and a 
fatty lunch. The curves obtained in such experiments are shown in 
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Text-figs. 3 and 4. The curve A in Text-fig. 3 shows a marked rise after 
breakfast and a small transient rise after lunch. Curve B, on the other 
hand, shows no rise after breakfast but a prolonged rise after lunch. It has 


Duration of experiment in hours 
Text-fig. 3. Serum particle curves from two human subjects. A had a fatty breakfast and a 


non-fatty lunch and shows initial rise only. B had a non-fatty breakfast and a fatty 
lunch giving delayed rise only. Interrupted lines: dull particles; continuous lines: 


bright particles. 
Meal 
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Text-fig. 4. Serum particle curves from two human subjects. A had a normal breakfast and a 
pure carbohydrate lunch. B had a non-fatty breakfast and a normal lunch. Inter- 
rupted lines: dull particles; continuous lines: large and small bright particles together. 
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been found consistently that it is only possible to get a rise in the particle 
count after ingestion of fatty foods. A pure carbohydrate meal caused a 
very rapid fall in the particle curve in Text-fig. 4. 


The effect of carbohydrate and protein food on the particle curve 

Pure carbohydrate meals have been taken in the form of potatoes and 
sugar, and there is no rise in the particles following such a meal. Indeed 
there is often a sharp fall in particles after carbohydrate food as already 
shown in Text-fig. 4. 

Pure protein food, the whites of eggs, gelatin, and similar foods have 
been taken in large quantities, and the particle curves studied for 7 hours 
after ingestion. In no case has there been any increase in the number of 


particles beyond the ordinary basic variation. 
100 c.c. olive oil’ given 
through duodenal tube \ 
i\ 
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Duration of experiment in hours 


Text-fig. 5. Serum particle curves from one human subject. After administration of fat by 
duodenal tube. Interrupted line: dull particles; continuous line: bright particles. 


Admimstration of fat by duodenal tube 
A duodenal tube was passed and 100 g. of olive oil, roughly emulsified 
in 40 c.c. of dilute sodium carbonate (pH 9-5), were injected through the 


tube. The curve obtained (Text-fig. 5) shows a marked increase in the 
number of particles starting about 50 min. after the injection of the oil. 


Dissociation of component parts of the curve [Frazer & Stewart, 1936}] 

Examination of Text-fig. 3 shows a rise in curve A following a non- 
fatty meal. This rise occurs immediately upon ingestion of food and lasts 
only a short time. In curve B, on the other hand, there is no immediate 
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rise, but about an hour after ingestion there is a marked increase in 
particles lasting several hours. The origin of the particles in this latter 
case would seem to be fat absorbed from the fatty lunch taken by B. The 
only source of particles for the transient rise in curve A must be fat 
which was absorbed from the fatty breakfast and passed into the 
circulation owing to the intestinal movements arising from the ingestion 
of the non-fatty lunch. 


Text-fig. 6. Serum particle curves from two human subjects, showing initial and delayed rise 
after a meal. Interrupted lines: dull particles; continuous lines: bright particles. 


If this is so, a post-ingestive particle curve consists of two parts, an 

initial rise and a delayed rise. , 

The initial rise is. due to the stimulus to intestinal movements derived 
from the ingestion of food, and the consequent passage of chyle, laden 
with fat from the previous meal, into the blood stream. It will occur 
therefore with either fatty or non-fatty meals, provided that the previous 
meal contained fat; it occurs directly after ingestion, and the rise is 
comparatively small. 

The delayed rise is due to fat which has been absorbed. It does not 
appear until at least 1 hour after ingestion, it only occurs after a fatty 
meal, and it is of greater size and duration than the initial rise. Consider- 
ing Text-fig. 3 again, curve A shows after lunch the initial rise only. 
Curve B illustrates the delayed rise due to the fatty lunch, but no initial 
rise as the previous meal was non-fatty. 

To investigate this point further, a more careful analysis of the simple 
curve was made. Specimens were collected at 10 min. intervals after the 
ingestion of food. The curves obtained with two subjects (Fig. 6) show a 
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definite initial rise immediately after ingestion, followed by a fall before 
the delayed rise occurs. It will be seen that the initial rise is easily missed 
if specimens are not collected immediately after ingestion, and at short 
intervals. 

To demonstrate the influence of gut movements in causing the initial 
rise, experiments have been made with various aperients. The subject 
takes a fatty meal, the curve is followed, and when the main rise due to 
the absorption is over, the aperient is taken. Fig. 7 shows the effect of 


Large fatty meal taken 2 hours 


2 
Duration of experiment in hours 
Text-fig. 7. Serum particle curves from one human subject. After the particles from the large 
fatty meal taken previously had reached a constant level, 5 unite of pituitrin were 
injected subcutaneously. Interrupted line: dull particles; continuous line: bright 
particles. 


pituitrin. There is a marked delay in the action, possibly due to the 
intense constriction at the site of injection. Another possible factor, 
accounting for this delayed action, is the influence of the posterior lobe of 
the pituitary on deposition of fat. It is suggested that pituitrin causes a 
lowering of blood fat, and in this curve there is certainly # definite fall 
before the rise due to gut movements. 

The last experiment has been repeated using magnesium sulphate as 
the aperient. The curve obtained under these conditions is shown in 
Text-fig. 8. This curve shows the rise following the ingestion of the salts. 
There is no rise if the previous meal was non-fatty. The curve in Text-fig. 8 
has a double rise following the saline; the first is due to stimulation on 
ingestion, since the 4 drachms of magnesium sulphate were taken in a 
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large bulk of water, and the second rise is due to the active gut movements 
set up when the saline reached the intestine. 


of water taken by mouth 


Text-fig. 8. Serum particle curves from one human subject. The magnesium sulphate was 
given after the rise in particles from a large fatty breakfast, taken 5 hours before, had 
reached basic level. Interrupted line: dull particles; continuous line: bright particles. 


Simultaneous estimation of neutral fat, cholesterol, and 
ultramiscroscopic particles in human blood 

The experiments, so far, show a rise in particles to be associated with 
absorption of fat from the intestine. It should therefore be possible to 
correlate the rise and fall in blood fat with that of simultaneous particle 
counts. To investigate this point experiments have been carried out, of 
which the following is an example: 

A subject took a generous mixed meal, and the time taken to eat this 
was half an hour. About 10c.c. of blood were then withdrawn by 
venupuneture at intervals of 1, 2, 3 and 5 hours from the start of the meal. 
Some of each specimen was immediately withdrawn into capillary tubes 
for particle counts. The remainder of the blood from each specimen was 
allowed to clot, and 3 c.c. of the resultant serum were used from each 
tube for determining the blood fat. 

These fat estimations were made by a gravimetric modification of 
Bloor’s [1928] method, and the cholesterol content of each specimen was 
determined by the colorimeter [Myers & Wardell, 1918}. 

We have modified these methods somewhat to suit our particular problem. Extraction 


of the serum is carried out according to Bloor’s technique. A petroleum ether aliquot is 
then evaporated to dryness in vacuo in a flat dish and the resulting residue is weighed. This 
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gives the total fatty material. The residue is then treated according to the Myers & 
Wardell technique and the cholesterol estimated. This figure is then subtracted from the 
total weight of fatty material to obtain the amount of fat present. Further details of the 
modifications are in course of publication. 


The results of this experiment are shown in Text-fig. 9. 

It will be seen that the blood-fat curve runs parallel to that of the 
particle counts, whereas the blood-cholesterol curve remains up, and is 
still rising an hour or more after the other two have returned to the basic 
level. 

—— —— Blood fat in Mg./100c.c. 
=== Blood cholesterol in Mg./100 c.c. 
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Text-fig. 9. Simultaneous curves from one human subject, after a meal taken at 13-00 hours, 
showing the relation between blood fat, blood cholesterdl, and serum particle counts. 
The blood fat in mg./100 c.c. is read on the right-hand scale, the blood cholesterol in 


mg./100 c.c, and the serum particles per microscope field, are both read on the left- 
hand scale. 


Thus, the blood-fat curve rises and falls with that of the particle 


counts, and the timing of the basic levels and peaks of these two curves 
coincide exactly. 


Discussion 


These experiments confirm the observations of various workers that 
there are particles in normal blood, which can be seen by dark-ground 
illumination. They can even be seen in circulating blood, by dark-ground 
illumination of the mesentery or the web of a frog’s foot. They are well 
seen in freshly shed blood (PI. I, fig. III) and they do not increase in 
numbers on keeping the serum. For these reasons, it is concluded that 
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these particles are a normal constituent of the blood present in the 
circulation. 

It is not easy to establish the composition of the particles by chemical 
means, for it is extremely difficult to collect a specimen for analysis free 
from contaminants, From our experiments the particles only increase 
after a fatty meal; carbohydrates and proteins do not affect the particle 
counts. Simultaneous blood-fat estimations show curves parallel to the 
particle curves. For these reasons it is concluded that the main mass of 
the particle is fat. It is probable, however, that the fat particles are 
enclosed in an adsorbed protein film. They appear to carry a negative 
charge, as shown by cataphoresis experiments. 

Gage & Fish have termed these particles chylomicrons. In our dis- 
cussions we shall retain this term only for particles whose origin is 
undoubtedly the chyle, but for particles such as are found in the basic 
level in starvation, where the source is not the chyle, we shall use the 
term lipomicrons. 

That there is a marked rise in the chylomicrons after a meal is un- 
doubted, The rise is due in part to fat eaten within the previous 12 hours, 
which passes into the circulation due to gut movements resulting from 
ingestion of food, but mainly to the actual absorption of fat. The time 
relationships are as follows: the initial rise starts within 15 min. of in- 
gestion and ends within an hour; the delayed rise starts within 1} hours of 
ingestion and is completed by 44 hours. 

When there is complete starvation and the post-absorptive period of 
the last meal is over, the particle counts reach a basic level. This number 
of lipomicrons is maintained throughout a period of starvation for at 
least 1 week. 

No simple dietary changes or starvation will cause clumping, or any 
other abnormal behaviour, of the particles. The only effects observed are 
changes in the relative and absolute numbers of the particles in the blood. 


SuMMARY 


1, The technique and apparatus used for estimating particle counts, 
and the method of construction of particle curves are described. 

2. The particle counts in serum are increased by the ingestion of 
fatty food. | 

3. The particle counts in serum are maintained at a constant basic 
level in starvation. 

4. The particles studied consist almost entirely of fat. Blood-fat 
estimations give curves coinciding with simultaneous particle curves. 
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5. The particle count rises after a meal, the time curve having two 
components. The initial rise is essentially due to gut movements and 
previously ingested fat; the delayed rise is due to actual fat absorbed. 

6. The lipemia following a meal containing fat occurs within 
1} hours of ingestion, reaches a maximum in 2-3 hours, and the curve 
returns to the resting level in 44 hours. 


We should like to thank the Sir Halley Stewart Trust for their g financial support. 
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DESCRIPTION OF PLATE I 


Fig. I. Photograph of serum with particles at basic level. Taken with a 1/12 in. objective, 
x 10 eyepiece, 1/5 sec. exposure, using 35 amp. This field is about twice the size of that 
used for making particle counts. 


Fig. II. Photograph of serum about the peak period after a normal meal. Taken with a 
1/7 in. objective, x 20 eyepiece, 1/10 sec. exposure, using 35 amp. 

Fig. If1. Photograph of whole blood, freshly shed, showing the size of serum particles as 
compared with red blood corpuscles. Taken with a 1/12 in. objective, x 10 eyepiece, 
1/10 sec. exposure, using 35 amp. 
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THE EXCITATION AND RESPONSE 
OF SMOOTH MUSCLE 


By J. C. ECCLES ann J. W. MAGLADERY 
From the Physiological Laboratory, Oxford 
(Received 22 March 1937) 


Tuts paper is the first of a series in which an attempt is made to investi- 
gate the response of a smooth muscle (the retractor of the cat’s nictitating 
membrane) by employing those techniques which have been most valu- 
able in investigation of skeletal muscle—electrical and mechanical re- 
cording of the response of a muscle excited by single or double volleys of 
motor nerve impulses, both the sizes of the volleys and the intervals 
between them being varied. The actions of various pharmacological 
agents have also been investigated. 

There appears to be no previous account in the literature of any such 
attempt at analysis, for, hitherto, only maximal nerve volleys have been 
employed, either singly or in tetanic series [Briicke & Oinuma, 1910; 
Briicke & Inouye, 1912; Stiibel, 1912; Richter, 1924; Bozler, 1930; 
Rosenblueth ef al. 1933; Bacq & Monnier, 1935; Monnier & Bacgq, 
1935; Lambert & Rosenblueth, 1935; Rosenblueth e al. 1936; 
Rosenblueth & Cannon, 1936], and, in the only investigations in 
which reliable mechanical recording was employed [McSwiney & 
Robson, 1929; Brown, 1934], no electrical observations were attempted. 
Such investigations have provided data which have been inadequate for 
analysis of the complex responses of smooth muscle, the difficulties being 
well illustrated by the complicated and varied hypotheses that have been 
elaborated by Cannon, Rosenblueth and their co-workers [cf. their 
papers quoted above and also Cannon, 1933, 1934; Rosenblueth, 
1935, 1936]. A recent critical examination of these hypotheses [Eccles, 
19366] has shown that they rest upon an insecure experimental founda- 
tion, and full consideration of them will be postponed until the last paper 
of the series. For the present the experimental evidence obtained by the 
new methods of investigation will be analysed and discussed in relation 
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to the existing evidence, and from this basis an attempt will be made to 
develop hypotheses relating to some aspects of the physiological be- 
haviour of smooth muscle. Preliminary accounts of some of this work 
have already been published [Eccles & Magladery, 1936a, 6; Eccles, 


19366]. 


The animals (cats) are decerebrated under deep ether anesthesia, 
which is then discontinued, the actual experiment not being begun until 
at least 2 hours later, a time sufficient for the effects of this brief anesthesia 
to pass off. 

Meanwhile the third, fourth, fifth and sixth nerves are cut intra- 
cranially, and the postganglionic trunk of the superior cervical ganglion, 
which innervates the smooth muscle of the nictitating membrane, is 
prepared for application of the stimulating electrodes by dissecting it 
free at the base of the skull, and dividing it proximally at its origin from 
the ganglion, Stimuli have been applied to this stump of the trunk 
through silver hooks passing through loops of thread, one of which is 
tied to the free end of the stump, the other lying loosely around the trunk 
just below its entrance into the skull, This latter is made the cathodal 
electrode for the stimulating break induction shocks: Despite complete 
isolation of the electrodes and the stump of nerve from the surrounding 
tissues, these induction shocks, when strong, may spread and evoke 
direct or reflex movements by excitation of neighbouring nerves, Hence 
it has been necessary to excise those parts of the glossopharyngeal, 
vagus, accessory and hypoglossal nerves which lie at the base of the skull. 

The nictitating membrane is prepared by sewing its free cartilaginous 
border to a transverse silver wire which is bent in its centre to form a loop 
for connexion to the myograph (Fig. 1), or, when not recording myo- 
graphically, to a rigid support. In both cases connexion is effected by a 
fine silver wire interrupted by an insulating mica strip. The regions of 
attachment of the nictitating membrane are circumscribed by cutting its 
attachments to the orbit and the eyeball, but care is taken not to inter- 
fere with the orbital attachments of its smooth muscle or with its blood 
or nerve supply. In order to gain adequate exposure of the membrane, 
the eyelids are incised and sewn back, and the eyeball is either removed or 
sewn back after evacuation of its contents. A sufficiently rigid fixation of 
the head is usually obtained by a clamp applied to the skull through the 
enlarged trephine opening used for decerebrating, but, when myographic 
recording is attempted, a second clamp is usually applied to the upper 
jaw. 
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The isometric myograph is of the frictionless mirror pattern [Eccles 
& Sherrington, 1929] with a maximum sensitivity of 2-0 cm. per g. and 
a frequency of 275 d.v. per sec., the optical magnification of movement 
being at least 300. With the tnost recent experiments 4 still more sensitive 


Fig. 1. Photograph of nictitating membrane as prepared for electrical and mechanica 
recording, # and G@ show the earth and grid leads to the amplifier and M the silver wire 
attaching the muscle to the myograph. The clamps fixing the cat’s head can also be seen. 


myograph has been employed, the deflexion being 6-0 cm. per g. and the 

frequency 165 d.v. per sec. For simultaneous electrical recording from 

the membrane an amplifier and Matthews oscillograph have been 

employed, the deflexion produced by a rectangular input potential 

falling to half in 0-8 sec. When recording only electrically, we have 

employed an amplifier and cathode-ray oscillograph in an — 
PH. XC. 
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shielded room. A full description of the whole of this apparatus and of 
the methods of stimulation has already been given [Eccles, 1935a). 

The head and neck of the animal have been placed in a box made 
warm (about 37° C.) and moist by an evaporator consisting of one or two 
electric lamps covered by gauze kept moist by dipping into a reservoir of 
water. The sensitivity of the myograph is such that the arterial pulsation 
of the membrane and surrounding tissues usually appears as a quasi- 
artefact superimposed on the mechanical record. Hence we have usually 
tied the ipselateral carotid artery, the anastomotic circulation from the 
other carotid then providing an adequate circulation to the membrane, 
but with the pulsation largely damped down. 


REsvULTSs 


In the standard electrical leads which have been used in this research, 
the earthed lead to the amplifier has been placed across the nictitating 
membrane just beyond its attachments in the orbit, and the grid lead has 
been on the free border of the membrane (Fig. 1). Both leads have been 
Ag.—AgCl wires bent to conform in shape to the membrane, the earthed 
lead often completely encircling it, An adequate electrical contact with a 
minimum of pressure has been ensured by inserting strands of moist 
cotton wool between these wires and the tissues. In all descriptions of 


electrical potential, the polarity of the earthed lead will be described 


relative to the grid lead, i.e. the’ polarity of the proximal part of the | 
muscle relative to its more distal part. It will emerge in subsequent 
discussions that impulses are propagated in the smooth muscle fibres 
largely from the proximal to the more distal parts, so that the convention 
here adopted for the polarity will be found to be less confusing than the 
reverse convention adopted by Rosenblueth and his co-workers. 

Figs. 2 and 3 show typical examples of the complex action potentials 
thus recorded when single volleys of impulses are set up in the post- 
ganglionic sympathetic fibres innervating the smooth muscle in the 
membrane. Shortly after the stimulus artefact, which signals the time of 
the induction shock, the action potential begins with a complicated 
potential wave in which the earthed lead from the attachment of the 
membrane is first- negative and then positive to the grid lead from the 
free border (the I and II waves of Lambert & Rosenblueth, 1935), 
and following this “initial complex” there is usually, as shown in Figs. 2 
and 3, a rhythmic series of irregular potential waves (the Hils waves of 
Lambert & Rosenblueth, 1935). 
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Fig. 2. A series of action potentials of the nictitating membrane set up by a single nerve 
volley which is maximal in observation 5 and is progressively diminished in observa- 
tions 2, 6, 1, 3, 4. The A and B waves are labelled in observations 4 and 5 as also are 
the rhythmic waves, R (Z is an early rhythmic wave). Similar letters are used in the 
other figures. The small stimulus artefacts are indicated by the arrows just before the 
A wave. In this and all subsequent records an upward deflexion indicates a negativity 
of the orbital attachment of the nictitating membrane (earthed lead) relative to its 
free border (grid lead). 


Fig. 3. A series of electrical and mechanical responses (myograph pulling downwards) of 
the nictitating membrane to a single nerve volley, the size of this volley being pro- 
gressively increased in the series from above downwards. The rhythmic contraction is 
particularly well seen in observation 4, and in each observation it clearly follows a wave 
in the electrical record. Initially, the mechanical record is immediately above the 
corresponding electrical record. 
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Simultaneous myographic records (cf. Fig. 3 and Figs. 1 and 5 of the 
next paper) show that the muscle contraction begins during the negative 
phase of the initial complex, and that each of the later rhythmic potential 
waves precedes a further step in the contraction, which consequently has 
the appearance of a tetanus at such a slow rate that there is an imperfect 
fusion of the successive responses. Thus both the initial complex and the 
later rhythmic waves are intimately related to the contractile processes of 
the smooth muscle of the membrane. For the present, attention will be 
confined to the initial complex, consideration of the later rhythmic waves 


being postponed to the next paper. 


Fig. 4. As in Fig. 2 but photographed on a faster moving plate to show in detail the effect 

of the size of the nerve volley on the “initial complex”. The strengths of the stimuli 

_ for the first 8 observations from above downwards are: 167 (maximal for the motor 

_ nerve fibres), 91, 125, 62, 38, 32, 48, 91 (arbitrary units). Observation 10 shows the 

action potential set up by two maximal volleys at 14 msec. apart and observation 9 the 

response to a single maximal volley. Time—1 d.v. = 10 msec. in this and all records in 

_ which it is shown. Besides the A and B waves the N wave is also labelled (see text), 
and in observation | the first of the rhythmic waves is labelled Z. 


The initial complex wave and the effects of variation 
in the size of the postganglionic volley 
Figs. 4 and 5 show two typical series of observations from the twenty- 
two separate experiments in which the induction shock applied to the 
postganglionic trunk has been varied from a strength so weak that almost 
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no action potential is produced, to a maximal strength beyond which 
further increase does not alter the action potential. The accompanying 
variations in the smooth muscle action potentials must be due to 
alterations in the number of motor nerve impulses reaching the muscle, 
the maximal response presumably being produced only when the stimulus 
is strong enough to set up a single impulse in every motor nerve fibre, i.e. 
when it is maximal for the nerve trunk. A large additional increase in the 
strength of a maximal stimulus might produce a further effect on the 


Fig. 5. A series of observations as in Fig. 4, but in a different experiment. The strengths of 
the stimuli from above downwards for the first seven observations are: 48, 9] (maximal 
for the motor nerve fibres), 28, 62, 38, 24, 32 arbitrary unite. Observation 8 shows the 
action potential produced by two maximal volleys at 13 msec. interval. In observa- 
tions 8, 2, 4 and | the first of the rhythmic waves is also shown. 


muscle response by setting up two or more impulses in nerve fibres, but 
such a happening has not been recognized in our experiments, presum- 
ably because the stimuli were very brief induction shocks whose strengths 
were never much more than ten times threshold. 

It will be seen that, as the number of motor nerve impulses progres- 
sively decreases, the action potential becomes increasingly prolonged in 
duration as well as diminished in amplitude. Large volleys always set up 
a sharp initial negative wave (marked A in Figs. 2, 4, 5, 6 and 7). As the 
motor nerve volley is diminished in size, this A wave always becomes 
slower and smaller, while a later and often irregular negative wave 
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(marked B in Figs. 2, 4, 5 and 6) appears to increase, though both it and 
the still later positive wave also suffer a progressive delay and also an 
eventual decrease. Presumably the nerve fibres conveying a small nerve 
volley differ from those added with a larger volley solely on account of 
their lower threshold (to the applied electrical stimulus), i.e. impulses set 
up by a weak stimulus have an action on smooth muscle similar to the 
additional impulses which a large stimulus sets up. If that ts so, the 
changes which.are produced in the temporal course of the. smooth muscle 
action potential by variations in the number of motor-nerve impulses prove 
that impulses in different nerve fibres overlap in their excitatory effects on 
the smooth muscle, the events responsible for the action potential taking place 
progressively earlier with the increasing overlap occasioned by the increasing 
number of nerve impulses. All subsequent evidence confirms this conclusion. 

The neuro-muscular delay. With maximal nerve volleys the latent 
period between the stimulus and the beginning of the initial negative 
wave is usually a little longer than 20 msec. (rarely it may be as much as 
40 msec., the value given by Lambert & Rosenblueth, 1935), and, as 
the stimulus is weakened, a slight progressive lengthening is usually 
detectable, e.g. from 23 to 28 msec. in Fig. 4 and from 19 to 23 msec. in 
Fig. 5. By employing a larger amplification with the smaller responses, 
e.g. Fig. 7, observations 7 and 8, it can be shown that part, at least, of this 
increase is not due to a progressive error in locating the more and more ~ 
gradual beginning of the diminishing potential wave. This increase in the 
latent period is, however, always relatively much less than the accom- 
panying delays of the later components of the initial complex potential. 
It is not possible to make a direct measurement of the conduction time of 
the nerve impulses, but the conduction velocity of impulses in the similar 
sympathetic nerve fibres running from the superior cervical ganglion to 
the long and short ciliary nerves has been measured [Eccles, 1935a; 
Whitteridge, 1937] and indicates that the conduction time would be 
about 10 msec. from the stimulating electrodes on the postganglionic 
trunk to the nerve endings in the muscle of the nictitating membrane. 
The neuro-muscular delay is, therefore, usually no more than 10-15 msec. 
for the negative action potential, a value a little shorter than the 18 msec. 
calculated by Rosenblueth et al. [1936]. 

The mechanical response. Fig. 6 shows a series of observations 
typical of the eighteen different experiments in which the mechanical 
contraction was correlated with the simultaneously recorded action 
potential. In Fig. 6 the latent period of the contraction with a maximal 
stimulus is 144 msec., and, as shown by the arrows, this latent period 
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increases progressively as the stimulus is weakened, being as long as 
400 msec. with the smallest response. Clearly this increase is much too 
large to be due to errors in detecting the beginning of the small contrac- 
tions elicited by the weakest stimuli, and, moreover, the rising phases of 
weak contractions are delayed as much as their beginnings. Friction 
could provide a possible explanation of this delay, but, as the myograph 
was of the frictionless optical type, it could arise only on account of the 
viscosity of the tissues in the membrane, and it does not seem possible that 
such a viscosity could act to prevent all transmission of tension to the 


Fig. 6. As in Fig. 3 but with a faster moving plate to show the effect of variations in the 
size .of the nerve volley on the latent period of the contraction. The strengths of the 
stimuli in the six observations are from above downwards 24, 48, 91, 333, 167, 38 


arbitrary unite. The arrows pointing downwards approximately mark the 
of the contractions, the arrows pointing upwards indicate the stimulus artefact in the 
electrical records. 


myograph, for tensions as small as 5 mg. could be detected in Fig. 6. 
Recently similar results have been obtained with a myograph which 
could detect a tension of 1 mg. Presumably, therefore, the fewer the 
nerve impulses in a volley, the longer is the latency of the mechanical 
response which they set up in the smooth muscle fibres. This evidence 
’ from the mechanical responses thus supports the previous conclusion 
that there is an overlapping action of the individual fibres innervating the 
smooth muscle fibres. | 

A comparison of the mechanical with the corresponding electrical 
responses (cf. Fig. 6) reveals that the beginning of the contraction is 
detectable before the positive wave and shortly after the beginning of the 
B wave. In all experiments, as the stimulus is weakened, the increased 
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latency of the contraction has thus seemed to run parallel to the increased 
latency of the B wave. Moreover, with progressive diminution in the 
size of a volley, the B wave and the contraction appear to diminish to 
extinction together; hence there seems to be a direct causal relationship of 
the former to the latter. 

When uncomplicated by the contractions associated with the later 
rhythmic waves, the smooth muscle contraction set up by a single-nerve 
volley resembles in shape the twitch of a striated muscle, the smooth 
rounded summit being attained in 0-8 to 1-9sec. [cf. McSwiney & 
Robson, 1929; Brown, 1934]. Thereafter the tension declines, and it 
eventually falls along an approximately exponential curve. The mech- 
anical response is thus about ten times slower than that of a slow striated 
muscle such as the cat’s soleus [Denny-Brown, 1929; Cooper & 
Eccles, 1930}. 3 

Analysis of the electrical response. The crest of the A wave of the 
electrical response is usually attained between 70 and 100 msec. after a 
stimulus which sets up a maximal nerve volley (cf. Figs. 4, 6, 7 and 8), 
i.e. about 60-90 msec. after the arrival of the impulses at the motor nerve 
_ endings, but some experiments are characterized by values as short as 
60 msec. (cf. Fig. 5) or even longer than 100 msec. Observations 5, 6 and 
7, Fig. 4; 3,6 and 7, Fig. 5; 2, 3 and 6, Fig. 6, show typically that, as the 
postganglionic volley is diminished below a certain size, there is no sharp 
'' spike corresponding to the A wave set up by large volleys. The initial 
response is then a smooth rounded negative wave beginning with a latency 
which, as we have seen, is usually a little longer than with the maximal 
response. It was originally assumed [Eccles & Magladery, 1936a] that 
the A wave had merely become spread out to form this smooth negative 
wave, but the following evidence now renders that explanation unlikely. 

(a) As the motor nerve volley is progressively diminished, the A wave 
can be seen in many experiments to become progressively smaller and 
later, though still retaining its spike-like character. It then clearly 
appears (cf. observations 1 and 5, Fig. 5; observation 3, Fig. 7) to be 
superimposed on a smooth negative wave, which alone remains with 
further diminution of the volley (cf. observations 7, 3 and 6, Fig. 5; 
observations 5, 1, 4, 7 and 8, Fig. 7). 

(6) Close examination of the action potentials produced by large 
volleys usually reveals an inflection in the rising phase of the initial 
negative wave, suggesting that it, too, is composed of a spike-like A wave 
superimposed on a smooth negative wave (cf. observations 2 and 4, 
Fig. 5; observations 4 and 5, Fig. 6; observations 2 and 6, Fig. 7). 
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(c) The initial negative wave set up by small volleys is always smooth 
(cf. observations 3 and 6, Fig. 5), even the highest amplification failing to 
reveal any component spike-like waves (observations 7 and 8, Fig. 1). 


_ Further evidence will later be adduced in support of this distinction 
between the 4 wave and the smooth negative wave, and in the next 
section this latter wave will be clearly distinguished from the B wave. It 
will be convenient from now onwards to refer to it as the N wave (cf. 
Figs. 4, 5, 6 and 7). 


7 


Fig. 7. A series of observations as in Figs. 4 and 5, but the amplification is 8-0 times 
greater for observations 7 and 8. The respective stimulus strengths in arbitrary units 
are from above downwards 19, 91 (maximal), 32, 16, 24, 48, 12-5, 10-0. The N wave is 
labelled in some observations. 


While the A wave thus seems to disappear as the nerve volley de- 
creases below a certain critical.size, the B wave is still quite large under 
such conditions, though of course considerably delayed. With very small 
volleys the delay of the B wave is always so great that the N wave has 
declined considerably before the onset of the B wave, which, presumably, 
is signalled by the second increase in negativity. Usually the B wave can 
also be detected by its irregular component ripples, especially in its 
descending phase (cf. observations 3 and 6, Fig. 5; 1 and 4, Fig. 7), 


' though these are not usually apparent in very weak responses, e.g. 


observation 7, Fig. 7. With such very small volleys the delay of the B 
wave seems to reach a limiting value, which may be as much as 0-7 sec. 
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for its summit, further decrease of the volley diminishing the B wave to 
extinction, though the N wave may be still detectable (cf. observation 8, 
Fig. 7). 

“As the size of the nerve volley is thus decreased, the latency of the 
N wave is at most only slightly prolonged, though, as shown above, the 
latency of the contraction always increases greatly, running parallel with 
that of the B wave. Hence it may be concluded that the N wave bears no 
direct causal relationship to the contractile process of the muscle. Thus, 
when only an N wave is set up, as in observation 8, Fig. 7, no contraction 
of the muscle would be expected. However, it has not yet been possible 
to demonstrate convincingly that this is so, for the sensitivity of the 
apparatus used in simultaneous electrical and mechanical recording has 
not been adequate to record very small responses such as that of observa- 
tion 8, Fig. 7. ~ 

If, as the above observations suggest, the A wave disappears at a 
relatively early stage of progressive diminution of the nerve volley, the 
greatly increasing latent period of the contraction does not exclude a 
direct relationship between the A wave and the contractile process. Thus, 
during the initial phase of diminution of the volley, the A wave becomes 
later along with the onset of the contraction; and, only when the A wave 
disappears, does the latency of the contraction greatly increase. Evidence 
more directly indicating a relationship of the A wave to the contraction 
may be derived from a study of the changes in action potentials produced 
| by progressive increases in a moderately large volley. Such sequences 
i may be observed in Fig. 4, observations 2 and 8 to 3 to 1; in Fig. 6, observa- 
| - tions 3 to 5 to 4; and in Fig. 2, observations 4 to 3 to 1 to 6 to 2 to 5. The 
| increase in the A wave is clearly seen to be associated with a diminution 
of the B wave; and yet, as shown in Fig. 6, such a change is accompanied 
by an increase in the mechanical contraction. Hence the A and B waves 
a seem to be complementary to one another, and each seems to be directly 
related to the contractile process in the muscle. 

As the motor nerve volley is progressively decreased, the positive 
phase of the resulting initial complex of the smooth muscle becomes more 
and more delayed, as is typically seen in Figs. 4 and 6. It is evident from 
these figures that this delay is so great that it cannot be explained by an 
apparent shift due to a filling up of the earlier parts of the positive wave 
by the progressively delayed B wave. The delay in the positive wave 
seems to run parallel to that of the B wave, and in their magnitude also 
there is an approximate parallelism ; hence a close relationship is indicated 
between the processes giving rise to these two potential waves. 
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When observed independently of other waves, the N wave appears to 
have @ duration considerably longer than half a second (Fig. 7), and so, if 
its course is not curtailed by the superposition of the A and B responses, 
it will overlap with most of the positive wave, the actually observed 
potential being an algebraic summation of these two opposing potential 
waves, Usually the positive wave is smooth and regular (Figs. 4 and 6), 
even when examined at high amplification, but in some experiments 
there are irregularities during the early part of the positive waves set up 
by large volleys (cf. Fig. 5, observations 1, 2 and 4), and with small 
volleys these irregularities may extend throughout the whole positive 
wave (observations 3, 5 and 7). Such irregularities seem to be due to a 
progressive temporal spread of the B wave, the later components of which 
thus encroach farther and farther over that part of the positive wave 
which is presumably associated with the earlier components. This 
explanation is supported by the action potential set up by two maximal 
nerve volleys at a short interval. As will be seen in the next section, the 
constituent components of the B wave are then moved still earlier with the 
result that, as shown in observation 8, Fig. 5, the whole course of the 
positive wave then becomes smooth. Finally, as shown in observation 1, 
Fig. 4, the later part of the positive wave may have the first of the 
rhythmic waves, #, superimposed on it, and so is considerably curtailed. 
The series of observations 1, 6, 2 and 5 of Fig. 2, produced by progressive 
strengthening of the stimulus, shows the growth of such a rhythmic 
wave and its increasing effect on the positive wave. 

Discussion and conclusions. As already mentioned, Lambert & 
Rosenblueth [1935], Rosenblueth et al. [1936] and Rosenblueth & 
Cannon [1936] subdivide the initial complex wave into I and II com- 
ponents. The I wave is a monophasic wave corresponding to the whole of 
the A wave (though the N wave would also be included). The II wave is 
of the opposite polarity, though often complex, and is largely our positive 
wave, but it may also include the first of the rhythmic waves when this is 
very early (see the next paper), the II wave then being regarded as 
diphasic. Though the B wave is clearly recognizable in their records they 
sometimes regard it as no more than a pause between the I and II waves, 
and at other times, apparently, as an early component of the IT wave 
which is then polyphasic. No further consideration of this subdivision 
seems necessary, for it is supported by no experimental evidence in the 
numerous points in which it differs from the one here presented. Our 
present subdivision is also supported by much additional evidence, both 
later in this paper and in the subsequent two papers of the series. 
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The smallest motor nerve volley sets up a smooth negative wave (the 
N wave) beginning at about 25 msec. after the stimulus, reaching a 
maximum in about 60-100 msec., and then gradually declining. With a 
slightly larger volley, a second negative wave (the B wave) appears 
during the declining phase of the initial negative wave. This B wave, 
which is often irregular, appears to be in direct causal relationship with 
the contractile process of the muscle (thus differing from the N wave) and 
also with a later positive wave. With still larger volleys, all these waves 
increase in size and the B and positive waves move earlier on to the N 
wave and become less spread out, the latent period of the contraction 
correspondingly decreasing. Finally, with very large volleys, a sharp 
spike-like A wave arises on top of the N wave and increases apparently 
at the expense of the B wave, which may almost disappear with maximal 
volleys. Thus the B wave appears to be complementary to the A wave, 
which, too, also appears to be in direct causal relationship to the con- 
tractile process and to the positive wave. 


The interaction of two maximal motor nerve volleys 

Electrical responses. The action potentials produced by two maximal 
volleys at various intervals have been examined in twenty-two experi- 
ments. At long intervals, e.g. observations 5, 6 and 7, Fig. 8, the second 
maximal volley always produces a large diphasic action potential, which 
will later be shown to be a true A wave. As the stimulus interval is 
shortened, this action potential diminishes, and in some experiments 
practically disappears, as in observations 4 and 3, Fig. 8. However, at 
still shorter intervals, e.g. observation 2, the second volley again is 
effective, for it changes the A wave set up by the first volley, making it 
earlier and higher and again more diphasic in character. In other 
experiments which will be discussed later, the initial action potential 
produced by the second volley is not so greatly diminished as in observa- 
tions 3 and 4. 

Further information on the effect of the first volley on the action 
potential of the second may be obtained by subtracting the first action 
potential (shown in observation 1) from the combined action potential. 
In Fig. 9 the subtracted action potentials thus determined are shown in 
comparison with the action potential set up by the second volley alone. 
This subtracted action potential at the longest stimulus interval 
(307 msec.) is seen in Fig. 9 to be more diphasic than that set up by the 
second volley alone, and to have a slightly earlier summit. As the stimulus 
interval is shortened in turn to 166 and to 94 msec., the diphasic potential 
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of the subtracted curves becomes smaller and earlier, and, with a further 
shortening to 52 msec., it becomes still smaller, but now is again later. 
Finally the subtracted potentials with the still shorter intervals of 28 and 
10 msec. again become very much earlier, that at the shortest interval 


Fig. 8. Observations 2~-7 show the smooth muscle action potentials set up by two maxima 
nerve volleys at the intervals indicated by the arrows, the respective intervals being 
10, 28, 52, 94, 166, and 307 msec. The response to a single volley is shown in observ4- 
tion 1. As in Fig. 2, Z indicates early rhythmic weves, and R later rhythmic waves 
(see third section, next paper). 


being a very -large diphasic wave. However, observation 2, Fig. 8, 
clearly shows that at least most of this large potential is not due to an 
additional response set up by the second volley, but is caused by the 
effect of the second volley in making the response to the first volley 
earlier. The subtraction method for determining the response to the 
second volley is of course then no longer applicable [cf. Eccles, 19362, 
p. 10], for this method assumes that the first action potential is unaltered 
by the second volley. Presumably the small diphasic curve obtained by 
subtraction with a stimulus interval of 28 msec. also is similarly produced. 
For the present it is sufficient to note that the results of inspection of 
Fig. 8 are confirmed, the A and B waves with observations 3 and 4 being 
very small, | 
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A refractory state of the motor nerve fibres may be excluded us a 
possible explanation of the failure of the second stimulus to evoke more 
than a small A wave in observations such as 3 and 4 of Fig. 8, for: 

(a) the stimulus interval is much too long, the absolutely refractory 
period of the nerve fibres being as short as 2 msec. (Brown, 1934; 
Eccles, 1936a}, 


Fig. 9. Subtracted action potentials from Fig. 8, that set up by the first volley alone being 
subtracted from each double response. In each of these subtracted curves zero time 
corresponds to the second stimulus. Full explanation in text. 


(6) at much shorter intervals the second stimulus is again effective, 
e.g. observation 2, Fig. 8, | 

(c) in observations 3 and 4 the second stimulus must have set up a 
full-sized volley, for the first of the rhythmic waves (£) is fully developed 
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and at least as early as in observations 2 and 5, criteria which will be 
shown to be significant in the next paper. 

Correlation of electrical and mechanical responses. The interaction of 
two maximal volleys has been further investigated in sixteen experiments 
by attempting a correlation between the electrical responses and the 
simultaneously recorded contractions of the smooth muscle. As shown i in 
Fig. 10, which is typical of those experiments in which the second volley 
adds little or no initial action potential at intervals such as observations 
3 and 4, Fig. 8, the contraction added by the second volley has been 


0-4 ; 0-5 sec. 

Fig. 10. The smooth muscle contraction evoked by the second of two maximal nerve 
volleys is determined by subtracting the contraction produced by the first volley 
alone from the combined response. The zero time for each plotted curve indicates the 
time of the second stimulus. predated by the volley alone te 
shown by the continuous line. 


determined by subtracting the contraction produced by the first volley 
alone from the combined response. At a stimulus interval of 197 msec. 
(approximately corresponding to observation 6, Fig. 8), the second volley | 
begins to add tension (to the response produced by the first volley) after 
the short latent period of 140 msec., a value corresponding closely to the 
latent period of the contraction evoked by the second volley alone. As 
the stimulus interval is made longer, there is an increase in the effective- 
ness of the second volley in producing both the diphasic action potential 
and the addition of tension. But at the shorter stimulus eile . A 
and 56 msec. (corresponding approximately to observations 3 an 
Fig. 8) the second volley does not begin to add tension to the contraction 
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produced by the first volley until after the very long latent period of 
about 250 msec., the tension thereafter increasing rapidly. Thus, at 
these various stimulus intervals, a close correlation exists between the 
size of the diphasic potential and the early phase of tension addition 
produced by the second volley, both these effects being small or absent at 
intervals of 28-66 msec. in Figs. 8 and 10, and increasing together at 
longer intervals. At the shortest interval (14 msec.) in Fig. 10 the second 
volley again produces an early addition of tension, which probably is 
related to the effect of this volley in making the 4 wave earlier and higher 
(cf. observation 2, Fig. 8). 

The delayed tension increase with stimulus intervals of 40 and 
56 msec. in Fig. 10 is clearly related to the first of the rhythmic waves, 
which in each of these observations was detectable as soon as 150 msec. 
after the second stimulus, its summit being attained at about 480 msec. 
This first rhythmic wave also provides an explanation of the course of 
_ the tension addition at the interval of 197 msec. Here the tension rises at 
first much more slowly than the control response to the second volley 
alone, and later shows a relative increase in steepness at the time when 
the action of the first rhythmic wave would become effective. The tension 
addition at the shortest stimulus interval also shows the effect of the 
first rhythmic wave, its steepness being thus increased so that it runs 
parallel with the other curves. 

This detailed attempt at correlation iaianene the action potentials and 
the contraction of smooth muscle indicates that the processes associated 
with the “initial complex” action potential are entirely responsible for 
the earlier stages of the contraction, the first deviation from this re- 
lationship: being “produced: ty: the: addition of cantracton similarly 
related to the first rhythmic potential wave. 

The refractory period of smooth muscle. As we have seen, the experi- 
ments illustrated in Figs. 8, 9 and 10 show that the response of smooth 
_ muscle to a maximal volley makes it temporarily almost unresponsive. 
A second maximal volley as long as 56 msec. later sets up little or no 
initial potential wave and associated contraction, i.e. the smooth muscle 
exhibits a functional refractory period (cf. Derbyshire & Davis, 
1935]. With the second volley at longer intervals there is a progressive 
increase both in its electrical and mechanical responses, thus indicating a 
progressive recovery from the refractoriness. When testing the excita- 
bility of smooth muscle, as in Figs. 8 and 10, by a maximal nerve volley, 
which naturally provides a stimulus of limited intensity, it is of course 
impossible to establish the existence of a true absolutely refractory period. 
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However, since the refractoriness progressively increases as the stimulus 
interval shortens, a phase of absolute refractoriness is to be expected for a 
period shorter than 50 msec., which is the shortest recorded value for the 
functional refractory period. 

Hitherto there has been no convincing evidence for the existence of a 
refractory period with vertebrate smooth muscle [cf. Alvarez, 1917; 
Schiller, 1921; Ritchie, 1932; Rosenblueth & Cannon, 1934], but 
with invertebrates Bozler has shown it to be present for the smooth 
muscle fibres of Beroé [1927 a] and for the modified smooth muscle fibres 
which form chromatophores [19276], while the observations of Fuchs 
[1910] and Bayliss et al. [1930] are also suggestive. 

All-or-nothing propagated impulses in units of smooth muscle. The 
initial complex set up by a second volley at a stimulus interval longer 
than the period of unresponsiveness is always a diphasic spike which is 
earlier and sharper than the control response to the second volley alone 
(cf. observations 5, 6 and 7, Fig. 8). As the stimulus interval is still 
further lengthened, the second volley gives rise to an initial complex 
potential which is progressively less modified by the preceding response 
(cf. Fig. 9; Fig. 10, next paper, observations 4, 5 and 6). The presence of 
all transitions shows that the diphasic spike set up by the second volley 
is @ true A wave. A diphasic character is also often indicated for the A 
wave set up by a single volley, being particularly evident when it is made 
sharper by an early second volley, e.g. observation 2, Fig. 8. . Hence it 
seems likely that the A wave is compounded of a series of diphasic spikes 
having usually such a temporal dispersion that their diphasic character 
is largely masked. This would then only become evident when the 
temporal dispersion is diminished, or when there is a decrease of the B 
wave, which normally tends to fill up the diphasic trough. 

This presumed diphasic character of the 4 wave suggests that it is 
produced by a wave of negativity, i.e. an impulse, propagated along the 
smooth muscle fibres, just as occurs with nerve and gtriated muscle 
fibres. Since the earthed lead at the attachment of the membrane always 
becomes negative before the grid lead from the free edge, such a wave 
would have to travel from the proximal parts of muscle fibres towards 
their insertion in the more distal parts of the membrane. It would, 
therefore, be expected that a shift of the earthed lead distally would 
result in an increased latent period of the A wave, and this is actually 
observed for the crest of the A wave in Fig. 11, which is typical of four of 
our eight experiments. Naturally this effect is shown better when the 
asynchronism of the A wave is decreased, e.g. in Fig. 11 the A wave is 
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set up by two maximal volleys in quick succession. The latent period 
increases practically linearly with the distal displacement, the rate of 
propagation for the A wave of negativity being thus shown to lie between 
50 and 80 cm. a second. In our other experiments the latent period was 
not appreciably altered ; nevertheless, there were considerable changes in 
the shapes of the initial complexes. However, the interpretation of these 
experiments in relation to the possibility of a propagated. wave of 
negativity is complicated by the 
apparent distribution of the motor 
nerve fibres throughout all parts of 
the muscle [cf. Lawrentjew and 
Borowskaja, 1936]. If the distal 
parts of the muscle fibres are thus | 
directly excited by the nerve im- 
pulses, distal displacement of the 
earthed lead would only be accom- 
panied by an insignificant change 
in the latent period resulting from 
the increase in nerve conduction 
distance. Hence the observed 
change in shape of the A wave is 
all that such a displacement would 
be expected to produce. The change 
in latent period illustrated in Fig.11 
would only be observed in those 


Fig. 11. Action potentials set up in the smooth 
muscle by two maximal nerve volleys and 


experiments in which a_ large 
majority of the impulses were set 
up in the proximal parts of the 
muscle fibres. Such a correlatidn 


recorded org wee earthed lead at varying 

positions on the muscle, 

as usual on thé free border. Ps eee 

20-5 mm.; for 2, 12-0 mm.; 


observation 1 
for3, 16-5mm.; ;for4, 8-Omm. : for 5, 19°38 mm. 
between the distribution of the 


motor nerve endings and the effects of displacement of the leads requires 
a more detailed investigation than we have yet been able to make. 
However, it may be concluded that on the whole our experiments 
provide additional evidence that the A wave is due to propagated 
impulses in the smooth muscle fibres. 

Moreover, propagated potential waves have been described in many 
other smooth muscles, e.g. Fuchs [1910] ; in the retractor of Sipunculus, 
Briicke [1910] in the retractor penis of the dog, Orbeli & Briicke 
[1910] in the ureter, and Briicke & Inouye [1912] in the esophagus of 
the rabbit. Recently Fletcher [1937] has shown that a single brief 
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electrical stimulus applied to the anterior retractor (a smooth muscle in 
which the fibres are parallel and run from end to end) of the Mytilus 
edulis sets up a negative potential wave which is propagated along the 
muscle as an all-or-nothing response at a uniform rate of 13-20 cm. a 
second, the rising phase of the wave having a duration of about 100 msec. 
In a recent investigation on another invertebrate smooth muscle du Buy 
[1936] obtained evidence indicating that the propagation of the excitation 
wave was due to intramuscular nerves. However, with the anterior 
retractor there is good evidence that the muscle fibres are directly 
stimulated and that the negative wave is propagated along them; 
thus, there is a simple negative wave and not a complex electrogram as 
observed by du Buy, the strength duration curve is a simple curve 
without kinks, and in experiments on the depressing action of magnesium 
no phenomena have been observed which suggest neuro-muscular trans- 
mission. Hence these observations of Fletcher give a most convincing __ 
demonstration of the transmission of all-or-nothing impulses along — 
smooth muscle fibres. 3 

It: therefore seems highly probable that in the nictitating membrane 
the diphasic A wave followed by a refractory period is due to impulses 
propagated along the smooth muscle fibres, and such impulses may be 
assumed to have an all-or-nothing character, for in other excitable tissues 
(striated and cardiac muscle; and nerve) these properties are invariably 
assocvated with all-or-nothing propagated impulses [cf. Adrian, 1933]. 
The units of the muscle in which the all-or-nothing responses would occur 
need not correspond with the individual smooth muscle fibres, though 
such a correspondence has been shown for Beroé [Bozler, 1927a], for 
there is evidence that smooth muscle may have a partly syncytial 
structure fef. McGill, 1909; Boeke, 1932, 1933a}. The all-or-nothing 
unit of smooth muscle may, therefore, be defined provisionally as the 
fibre or fibres of the muscle over which a single impulse ts propagated. 
The changes produced in the size and shape of the A wave either by 
alterations in the size-of a motor nerve volley or by interaction of two 
maximal volleys at various intervals may now be simply explained by 
changes in the number and temporal dispersion of the all-or-nothing waves 
of negativity (impulses) propagated over the various individual units of 
the smooth muscle. The analysis of the mechanical responses has already — 
indicated that these impulses are followed by a contraction of the muscle 
fibres just as happens for the similar impulses in striated muscle fibres, 

The initial period of negativity of the earthed lead from the nictitat- 
ing membrane at its orbital attachment (relative to the grid lead from its 

4—2 


v 
d 
> 
i 
4, 


52 J.C. EOCLES AND J. W. MAGLADERY 


periphaal free edge) shows that, during the A wave, impulses are propa- 
gated peripherally in the muscle units. The observed dispersion of the 
motor nerve fibres through the muscle [Lawrentjew & Borowsksja, 
1936] together with the constant latency often observed for the A wave in 
all parts of the muscle have already suggested that some muscle units are 
excited in their more peripheral region so that the propagation of im- 
pulses would in them mainly be in the reverse direction. However, the 
action potential shows that such impulses must be far outnumbered by 
the former type. Thus, on the whole, the earthed lead must be better 
placed than the grid lead for leading off potentials produced by the muscle 
fibres at the regions where the impulses arise. 

The relation of the B to the A wave. Observations 10 of Fig. 4, 8 of 
Fig. 5, 2 of Fig. 8 and 4 of Fig. 1 in the next paper show that two maxima] 
volleys at a short interval apart produce a response which appears as a 
further development of the progressive change in action potential which 
has been observed (cf. Figs. 4 and 5) as a single volley is increased to a 
maximal size. The A wave is earlier and steeper and more clearly di- 
phasic, and the B wave is usually (cf. Fig. 5 and Fig. 1 in the next paper) 
still further diminished. An absence of any appreciable effect on the B 
wave, as in observation 2, Fig. 8, is observed only when the maximal 
volley itself produces a very small B wave. A comparison of observations 
10 and 9, Fig. 4, of observations 8 and 2, Fig. 5, and of observations 3 
and 4, Fig. 1 (next paper), shows that there is a true decrease of the B 
wave and not merely an apparent depression on account of its super- 
position on top of the increased diphasic trough of the A wave. Thus 
there seems to be an actual recruitment of the 4-wave type of response at 
the expense of the B-wave type, both when a single motor nerve volley is 
increased in size, and when two maximal volleys excite at a short interval. 

It is usually possible to detect signs of irregularity in the B wave and 
sometimes, as in Fig. 5, it is clearly composed of a series of brief spike- 
like waves which exhibit signs of a diphasic character. Further, it has 
been possible in eight experiments to demonstrate that following the B 
wave there is a refractory period of part at least of the muscle. Such a 
demonstration of a refractory period after the B-wave response, as distinct 
from that after the A wave, is only possible when the former is relatively 
large and long-lasting as in Fig. 12. In other experiments the B wave 
presumably is also followed by a refractory period, which, however, 
cannot be clearly distinguished from that following the A wave. Thus the 
B wave, too, seems to be due to all-or-nothing waves of negativity 
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available evidence suggests that these impulses are identical with those 
composing the A wave, both, for example, being similarly related to the 
mechanical responses of the muscle fibres. 

However, the possibility cannot be excluded that part of the B wave is 
not due to impulses, being perhaps related to the main part of the B wave 
as the N wave is related to the A wave. Such a possibility would appear to 
receive support from our failure to detect any sign of discrete spike-like 
action potentials in some B waves set up by very small motor nerve 


volleys (cf. observation 7, Fig. 7), but it must be remembered that such 


Fig. 12. A maximal volley teste the excitability of the smooth muscle at various times 
during the prolonged “initial complex’’ set up by a preceding smaller volley. The A 
wave set up by the testing volley is seen to diminish progressively in observations 2 to 
1 to 3 to 5, showing that more and more units become refractory during the B wave of 
the initial volley. Observation 4 shows recovery at a still longer interval and observa- 
tion 6 is the response to the first volley alone. 


small B waves are associated with a contraction of the muscle in all 
respects similar to the contraction which is associated with the A wave 
set up by larger volleys (cf. Figs. 6 and 16). Hence it seems likely that 
even the B waves set up by small motor nerve volleys are partly, at least, 
produced by impulses in the muscle fibres, the smooth contours of such 
waves being due to the large temporal dispersion of the individual im- 
pulses, which alone would give rise to a potential too small to be detected. 
Each impulse is followed by a contraction response (twitch) in the smooth 
muscle of that unit. 

As the motor nerve volley is progressively made larger, the earlier 
and larger B wave and mechanical response show that impulses are set up 
in more units, both the latent period and the temporal dispersion being 
decreased. Still further increase in the size of the volley results in the 
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appearance of the A wave, which is composed of similar impulses inthe _—_| 
smooth muscle units, but these impulses appear to be produced by an ? 
excitatory mechanism different from that responsible for the B wave, for 
they are set up with a shorter latent period and a smaller degree of tem- 
poral dispersion, thus forming an early spike-like wave always clearly 
distinguishable from the later B wave. Finally, with the increase of the 
nerve volley to maximal, impulses are set up in more and more units by 
the A wave mechanism, which also acts with a progressively shorter 
latent period, while the B wave mechanism usually sets up impulses in 
fewer units, the latent period of these being also shorter. This shows, 
presumably, that the A and B mechanisms are capable of setting up 
impulses in the same smooth muscle units, those units responding to the 
A mechanism being precluded by their consequent refractory period } 
from also responding to the later exciting action which the B mechanism 
exerts on them. 

Simultaneous mechanical records often show that relatively little 
increase in the contraction is associated with this increase of the A wave 
at the expense of B, e.g. if allowance be made for the longer latent period, 
the contraction in observation 3, Fig. 6, is very little less than in observa- 4} 

tions 4 and 5 until these latter contractions are increased by the first of 
the rhythmic waves. In such experiments it seems that impulses are set 
up in almost all units of the smooth muscle by a submaximal motor nerve 
volley, further increase of the volley changing the mode of excitation 
from the B mechanism to the A mechanism for many units, and shorten- 
ing the latent period of the actions of both of these mechanisms. In such 
experiments the effect of two maximal motor nerve volleys at a short 
interval is merely a further development of this increase to maximum of a 
single volley, the A mechanism exciting still more units with a still 
shorter latent period and temporal dispersion, while fewer units are thus — 
available for excitation by the B mechanism. 

The subtracted curves of Fig. 10 show that an early addition of tension __ 
is produced by the second volley at an interval of 14 msec., though not at ) 

. the longer intervals of 40 and 56 msec. However, this addition is, at 
least, partly explained by the shorter latent period of the response pro- 
duced by the two volleys at the short interval, and does not necessarily 
indicate that impulses and an associated contraction are set up in addi- 
tional units by two volleys at this short interval, though not at intervals 
of 40 msec. or longer. In any case the number of such additional units 
cannot be large. Thus additional evidence is provided suggesting that in 
some experiments a single maximal volley sets up a single impulse, either 
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by the A or B excitatory mechanism, in almost all the units of the smooth 
muscle, 

Many experiments, however, exhibit a different behaviour, for, on 
progressively increasing the size of a single volley to maximal, there is a 
continuous large increase in the contraction response. At all stimulus 
intervals a second maximal volley then produces a further considerable 
early addition of tension, i.e. no refractory period of the contraction 
mechanism is demonstrable as with intervals of 40 and 56 msec. in Fig. 
10. Again, as already stated at the beginning of this section, the second 
maximal volley then also sets up an action potential of a spike-like 
character (usually clearly diphasic), which is superimposed on the action 
potential of the first volley, i.e. no functional refractory period is demon- 
strable by the action potentials as in observations 3 and 4, Fig. 8. It is 
conceivable that part of the second volley’s early addition of tension is 
due to some contracture mechanism unrelated to impulses in the smooth 
muscle units and their associated diphasic action potentials. However, it 
seems much more likely that such experiments differ from those already 
discussed only because many units of the smooth muscle are not excited 
by a single maximal volley. Such units are then capable of being excited 
by a second volley at any interval, as is indicated by the spike-like wave 
produced by the second volley, and this additional response could account 
for all of the addition of tension—it certainly must account for some of it. 
As would be expected, all transitions have been observed between such 
experiments and those described previously, e.g. Figs. 8 and 10, in which 
a single maximal volley sets up an impulse in all, or almost all, of the 
units of the smooth muscle. 

Thus all the apparently different types of initial response to single or 
double nerve volleys may be covered by an explanation which postulates, only 
one type of response (apart from the N wave) for the indwwidual units of 
the smooth muscle—an all-or-nothing propagated negative wave followed by 
a contraction—a response in all respects similar to that evoked by nerve 
impulses in striated muscle fibres. 

The response of a single muscle unit. The ection potential produced by 
an impulse in a single unit is probably below the minimum detectable by 
present methods of electrical recording, and information as to its time 
course is only derivable indirectly from potential waves compounded of 
the asynchronous responses of many units. The more rapid A waves set 
up by two maximal volleys at a short interval, or by a second volley 
early in the relatively refractory period (cf. observation 8, Fig. 5; Figs. 

8 and 9), show that this asynchronism is diminished under such con- 
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ditions, so that the time course of the A wave must approach more 
closely to that of the “unit potential wave”. Under such conditions the 
summit of the A wave added by the second volley may be no more than 
20 msec. from its beginning, and the maximum of the positive diphasic 
component may be as soon as 15 msec. later. Presumably there is still a 
considerable asynchronism of the unit responses composing such a wave, 
so these values must be taken as maximum limiting values for the unit 
potential wave. A still closer approximation to the unit potential wave 
would seem to be provided by components of some irregular B waves, 
e.g. the first part of the B wave in observation 2, Fig. 5, has a total 
duration of no more than 19 msec. for the negative spike. The unit 
potential waves would of course mostly be diphasically recorded with the 
method of leading employed in our experiments, so no information on the 
duration of the monophasic action potential is available. However, the 
interval between the two crests of the diphasic wave, which may be as 
short as 15 msec., provides an approximate measure for the conduction 
time of the impulses—probably from their point of origin to the ends of 
the fibres inserted towards the free edge of the membrane. In such a 
time impulses with a velocity of 50-80 cm. per sec. (cf. above) would 
travel about 1 cm., which is approximately the total length of the smooth 
muscle in the nictitating membrane. It is not known if the individual 
units extend this full distance, but it‘inust be remembered that such a 
calculation arrives at a maximal value on account of the lengthening of 
the diphasic interval which is produced by the asynchronism of the 
individual impulses. 

Discussion and conclusions. A fundamentally different interpretation of 
the initial action potential has recently been suggested by Rosenblueth 
et al. [1936], Rosenblueth & Cannon [1936] and Rosenblueth 
[1936]. They regard their I wave as due to an asymmetrical depolariza- 
tion which is not propagated and which probably is not an all-or-nothing 
response. In fact it is even suggested that the I wave is “only an 
incidental phenomenon. in neuro-muscular transmission and not an 
indispensable excitatory event”. The arguments on which they base 
their view and our criticisms of these arguments may be stated as follows: 

(a) The smooth muscle cells are small and the contractile process slow, 
hence there is no need for propagated impulses, the diffusion of a chemical 
mediator being adequate to account for any intracellular transmission 
that occurs. 

_ Presumably such an argument would not have been put forward if 
the essentially diphasic character of the I wave (which corresponds 
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largely to our 4 wave) and the existence of a subsequent refractory 
period had been recognized. Moreover, we now have evidence directly 
indicating a propagation of impulses in smooth muscle fibres. 

(6) There is no all-or-nothing intercellular conduction with smooth | 
muscle, i.e. from nerve to muscle. 

This was shown by Rosenblueth & Rioch [1933] for repetitive 


| nerve volleys. It is also shown for single volleys by the observations 


described in this paper. However, this argument is not relevant, for it is 
the response of the muscle which is in question, not the neuro-muscular 
transmission. For that matter no intercellular transmission has ever 
been shown to have an all-or-nothing character [cf. Adrian, 1933]. The 
overlapping distribution of the nerve fibres to the muscle certainly shows 
that the motor nerve fibres and the smooth muscle fibres are not arranged 
in motor units resembling those of skeletal muscle [cf. Rosenblueth, 
1936], but that fact has‘no relation whatsoever to the question of the 
behaviour of single smooth muscle fibres. 

(c) According to the membrane theory the conduction of a wave of 
depolarization (an impulse) is intimately bound up with electrical 
excitability, and Rosenblueth et al. [1936] state that denervated 
smooth muscle is electrically inexcitable. 

Their negative results in three experiments cause them to dismiss the 
positive results of Monnier & Bacq [1935]. More recently in sixteen | 
experiments Eccles & Magladery [1937] find that direct stimulation of 
the denervated nictitating membrane always evokes a small but quite 
definite twitch, in all respects similar to that evoked by a nerve volley, 
but without the later rhythmic waves. The negative results of Rosen- 
blueth e¢ al. would thus seem to be due to an insufficient sensitivity of 
their myograph [cf. Monnier, 1936}.’ 

(d) During tetani at relatively low frequencies the contraction tension 
is well maintained, but there is a rapid diminution of the I waves of the 
successive responses, which thus differ significantly from the action 
potentials produced by conducted impulses in skeletal muscle. 

The experimental evidence presented in the next paper offers an 
explanation of this phenomenon, and brings it into relation with the 
propagation of all-or-nothing impulses in the units of thesmooth muscle. 

(e) Finally, it is argued by Rosenblueth that, as only the few 
directly innervated smooth muscle cells give the I wave, there would be 
an inherently improbable restriction of the all-or-nothing propagation of 
impulses to these muscle fibres, if the I wave were actually produced by 
such a propagation. 
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This argument is based on the view of Stéhr (1928, 1932] that not 
more than 1 in 100 smooth muscle fibres is directly innervated, but need 
be no further considered now that histologists are generally agreed that 
, there is a profuse innervation of smooth muscle [Boeke, 1926, 1932, 
1933, 6; Stéhr, 1935; Lawrentjew & Borowskaja, 1936]. More- 
over, the experiments described in this paper show that, in setting up the 
A wave, there is an overlapping action of many nerve fibres on each muscle 
unit. 

This discussion makes it evident that all the available iidideentel 
evidence strongly suggests the existence of all-or-nothing propagated impulses 
in smooth muscle. It certainly does not lend any swpport to the view of 
Rosenblueth et al. that, in the responses of the individual fibres, smooth 
muscle differs fundamentally from striated and cardiac muscle. ; 


The interaction of two submaximal motor nerve volleys 


Electrical responses. The series of observations in Figs. 13 and 14 show 
typically the smooth muscle action potentials produced by the interaction 

of submaximal volleys in the sixteen experiments in which such volleys 
have been set up by applying two identical stimuli at various intervals 
through the same electrodes. Except when the stimulus interval is 
‘shorter than the nerve’s refractory period, the second stimulus may be 
regarded as setting up impulses only in those nerve fibres in which the 
first stimulus also set up impulses, i.e. the two volleys will be identical. 
The supernormal phase of excitability would not of course result in 
impulses being set up in additional nerve fibres, while the subnormal 
phase is probably too slight to be significant [cf. Gasser & Grundfest, 
1936]. 

In both Figs. 13 and 14 two such submaximal volleys at a short 
interval are seen to set up a spike-like wave which undoubtedly i is an A 
wave, though with either volley alone no such wave is apparent. As the 
stimulus interval is lengthened, the second volley sets up a progressively 

_ smaller A wave, as is typically shown by the series of stimulus intervals in 
Fig. 13—80, 176, 317 msec.—only a very small A wave being visible at 
the longest interval. An A wave can be detected at intervals up to that of 
observation 4 ih Fig. 14, but thereafter it becomes confused by super- 
position on the irregular B wave set up by the first volley alone, though 
msc is no doubt that it becomes progressively smaller exactly as in 
13. . 
In addition to this production of a large A wave, the interaction of 
two submaximal volleys also*results in a B wave which has a shorter 
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latent period and léss temporal dispersion than with either volley alone, 
| and the positive wave also is moved correspondingly earlier. It is not at 


Fig. 13. Action potentials of nictitating membrane set up by two similar smal! submaximal] 
volleys at the indicated intervals. Observation 8 shows a similar action potential set 
up by a larger single nerve volley. 


5 
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Fig. 14. As in Fig. 13 in another experiment. The time of the second stimulus is indicated 
by the arrows, observation 3 showing the response to the first volley alone. 


present possible to interpret the submaximal action potentials deter- 
mined by subtraction as was done for the maximal responses of Fig. 9, for 
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complications are introduced by the action of the second volley in 
shortening the latent period of units responding to the first volley alone, 
an effect which was only evident with the two shortest intervals in Fig. 9. 

Fig. 15 illustrates the effect of interaction of much smaller volleys 
than those shown in Figs. 13 and 14. Each single volley produces an 


_ initial N wave and a small later B wave. At short.intervals after the first — 


volley, e.g. observations 4 and 6, the second volley produces a greatly 
increased N wave and B wave, but the time courses of these waves are 
not altered. As the stimulus interval lengthens, this facilitation of the NV 
and B waves progressively declines, and is quite small at intervals beyond 


5 
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Fig. 15. As in Fig. 13, but the submaximal volleys are now very small, and the action 
potentials are much more highly amplified. Observation 2 shows the response to the 
second volley alone, the stimulys intervals for observation 1 being 132 msec.; for 3, 
172 msec. ; for 4, 14 msec.; for 5, 322 msec.; for 6, 60 msec. 


300 msec., e.g. observation 5. Presumably a facilitation of the N wave 
also occurs in Figs. 13 and 14, but is there obscured by the A wave set up 
by summation of the exciting effects of the much larger volleys. Summa- 
tion of larger volleys ptoduces, in addition, a meening of the — 
period of the B wave. 

Correlation of electrical and mechanical responses. 
ments the interaction of two submaximal volleys has been investigated 
by recording the contraction of the smooth muscle as well as its action 

potential (cf. Fig. 16), and the time course of the additional contraction 
_ produced by the second volley has been determined as in Fig. 10 by 


subtracting the contraction to the first volley alone from the combined 
response. This additional contraction is always large and begins con- 
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siderably earlier than the control response to the second volley alone. 
Even when the motor nerve volleys are made so small that either alone 
produces no detectable contraction (less than 1 mg.), the two together 
have been observed to give a considerable contraction when the stimulus 
interval is short, the decline of the contraction with longer stimulus 
intervals following the same course that is observed for facilitation 
betwéen larger volleys. 
Thus analysis reveals that the contractions are in agreement with the 
action potentials, the large early 4 wave of the combined response pre- 
sumably indicating the propagation of all-or-nothing impulses over 


Fig. 16. A series of electrical and mechanical responses (myograph pulling upwards) of 
the nictitating membrane produced by the interaction of two small submaximal nerve 
volleys. Stimulus intervals in msec. for observation 1, 260; for 2, 144; for 3, 78; for 4, 
25. Observations 5 and 6 show respectively the responses to the first and second 
volleys alone. The arrows indicate the stimulus artefacts in the electrical records. The 
mechanical records are initially below the corresponding electrical records. 


additional units of thé smooth muscle whose consequent contractions are 
responsible for the large early addition of contraction. Again there is no 
indication that any contraction of the muscle is produced otherwise than 
as a direct consequence of these propagated impulses which form the A 
and B waves. Thus by a process of “ spatial facihtation”’ two submaximal 
nerve volleys set up impulses in units of smooth muscle which do not 
respond to either volley alone. Further, by a process which may be termed 
“‘temporal facilitation”, units which would respond after a long latent 
period to the first volley alone have this period greatly shortened by the 
thewr latent ported. 
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Time course of the facilitation. As the stimulus interval is progressively 
lengthened, this facilitation is found quickly to reach a maximum with an 
interval as short as 10-20 msec. between the stimuli, and for intervals up 
to about 100 msec. there is little further change, but thereafter it gradu- 
ally declines so that at intervals of 300-400 msec. it is quite small. The 
decline of facilitation at intervals shorter than 10-20 msec. may be due to 
the refractory period of the nerve fibres, the second stimulus consequently 
setting up a smaller volley, or there may be in addition.a slow develop- 
ment of the facilitatory process such as occurs with the c.e.s. of ganglion 
cells [Eccles, 19366]. Such a possibility could be investigated by split- 
ting the postganglionic trunk of the superior cervical ganglion and 
applying the two stimuli separately, one to each branch. 

As with nerve cells, spatial facilitation demonstrates that a sub- 
maximal nerve volley gives rise to a subliminal fringe of smooth muscle 
units, which are excited, but not sufficiently for the production of im- 
pulses. The additional excitation produced by a second similar volley 
causes impulses to be set up in many such units, but the number of these 
responding units decreases as the interval between the volleys lengthens 
beyond 100 msec., indicating presumably a progressive decay of the 
subliminal excitatory effect of the first volley. Presumably, too, the 
temporal facilitation is due to a similar summation of the excitatory 
effects produced by the two volleys. Thus the first submaximal volley 
sets up impulses in some units after a long latent period throughout 
which the excitation must be mounting, for during this period summation 
with the similar excitatory effects produced by a second volley quickly 
sets up impulses in these units. This temporal facilitation has also been 
previously seen in the response to two maximal volleys at a short 
interval (cf. observations 8, Fig. 5, and 2, Fig. 8). As the interval between 
the two submaximal volleys is lengthened, the second volley becomes 
eventually too late thus to shorten the latent period of units responding 
to the first volley alone (cf. observation 4, Fig. 14), and it sets up impulses 
only in those units subliminally excited by the first volley (spatial 
facilitation). 

A comparison of observations 7 and 8, Fig. 13, shows typically that 
the action potential produced by two small submaximal volleys at a short 
interval can be closely matched by that produced by a single larger 
volley. Hence it may be concluded that two volleys in quick succession 
along a few motor nerve fibres and a single volley in a larger number of 
nerve fibres have much the same exciting effect, both as regards number 
of units responding by impulses, and the latent period of this response. 
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The size of two.similar volleys can thus be chosen so that together they 
produce an exciting effect equivalent to that of one maximal volley. 
With any further increase in their size they would together produce an 
exciting effect greater than a single maximal volley. In this way graded 
effects greater than that produced by a single maximal volley may be 
investigated. Three maximal volleys in quick succession give an even 
greater excitatory effect than two such volleys, the A wave being still 
earlier and sharper and the B wave still further diminished. 


Discussion 


We are now in a position to reconsider the changes in the response of 
the smooth muscle as a motor nerve volley is progressively increased in size. 

The minimum effect that has been detected is a negative wave with 
no A or B waves. Hence it may be concluded that no all-or-nothing 
propagated impulses have been set up in the smooth muscle. Such a 
negativity, presumably, is the electrical response of units subliminally 
excited. Its time course fits in well with this explanation, for it has a 
very short latent period (20-30 msec.), and, after quickly attaining a 
maximum, is clearly declining by 100 msec. (cf. observations 7 and 8, 
Fig. 7), by which time a decay of spatial facilitation has always been 
observed. Moreover, this negativity of the earthed lead relative to the 
grid lead indicates, as we have seen, a relative negativity of the muscle 
at the region where the large majority of impulses would be set up. by a 
_ larger nerve volley, i.e. presumably at the region where most of the motor 
nerve endings are situated. If nerve impulses thus give rise to a sub- 
liminal excitatory state associated with a negative potential, there would 
seem to be a very close relationship between such a state and the c.e.s. of 
nerve cells, for this is also associated with a negativity of the cell at the 
region of the exciting nerve endings (the soma) relative to the axon 
[Gasser & Graham, 1933; Eccles, 19355, 19366]. Moreover, Bremer 
[1927, 1932] has shown that an analogous condition obtains with 
striated muscle when neuro-muscular transmission is depressed by 
curarization or fatigue. A single inrpulse is then unable to set up an 
impulse at a motor end plate, but testing by a later nerve impulse shows 
that it has produced there a transient subliminal excitatory state. 

Motor nerve volleys larger than this minimum size set up in addjtion 
a B wave, i.e. impulses in the muscle units, and an associated contraction 
of the muscle. Now the additional nerve impulses in such a volley are in 
fibres which, presumably, are distinguished from those conveying the 
smaller volley solely by their slightly higher threshold to the applied 
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electrical stimulus. The increased excitatory action exerted on individual 
muscle units whereby impulses are set up in them consequently must be 
due to the increase in the number of motor nerve impulses, and not to any 
qualitative difference in the excitatory action of the additional impulses, 
Several motor nerve fibres must, therefore, establish a functional relation- 
ship with each unit of smooth muscle, opportunity thus being given for 
convergence and. consequent summation of the excitatory effects pro- 
duced by impulses in the different fibres. Presumably these excitatory 
effects are identical with those which are summed when two impulses 
pass in quick succession down the same nerve fibre, the excitatory state 
set up by an impulse in a nerve fibre thus not being localized to that part 
of a muscle unit immediately adjacent to that fibre but spreading to 
regions of that unit excited by other nerve fibres. As the size of the 
motor nerve volley is progressively increased, the correspondingly in- 
creased convergence of nerve impulses on the various muscle units will 
result in a summation to the threshold for setting up impulses in more and 
more units, there being always,a fringe of subliminally excited units 
which would be raised to threshold by the convergence on them of 
additional impulses. Pari passu with this increased response there is a 
shortening of latent period of the response of each unit—an effect 
corresponding to the temporal facilitation observed with two successive 
volleys in the same nerve fibres. This shortening must be due to the con- 
vergence of impulses additional to those requisite for just exciting to the 
threshold for setting up an impulse. A profuse innervation of each unit 
must, therefore, be envisaged. 

With still further increase in the nerve volley, and consequently in the — 
convergence of excitatory nerve impulses on the muscle units, a mech- 
anism setting up impulses with a still shorter latent period becomes 
evident, giving the A wave response. As we have seen, the units thus 
excited are those which would respond to the later acting B mechanism, 
if it were not thus forestalled. Even the latent period of the A mechanism 
can be shortened by an increased bombardment of impulses on the units, 
but eventually this latent period appears to reach a limiting duration of 
probably not more than 10 msec. after the arrival of the impulses at the 
herve endings. 

The nature of the 4 and B mechanisms will be discussed in a later 
paper after further evidence has been presented, but from the present 
discussion it emerges that both are dependent on summation of the 
_ exciting effects of many impulses on each unit. The nature of this sum- 
mation will also be discussed later. ~ 
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SUMMARY 


A cathode-ray oscillograph with amplifier and a frictionless optical 
isometric myograph are employed to record the electrical and mechanical 
responses of the smooth muscle in the cat’s nictitating membrane. The 
data for analysis are provided by the responses of the muscle which are 
evoked by single or double volleys of motor nerve impulses, both the 
sizes of the volleys and the intervals between them being varied. On the 
basis of such analyses a single nerve volley is shown to set up an initial 
complex potential wave composed of three negative waves NV, A and B 
and a later positive wave (the polarity of the orbital attachment of the 
membrane is described relative to its free border). The neuro-muscular 
delay for the beginning of this complex is usually about 10 msec. 

The A wave is diphasic and is followed by a refractory period from 
which recovery can first be detected in about 50 msec. and in many 
experiments it can be shown to be produced by a wave of negativity 
propagated distally along the muscle at 50-80 cm. per sec. (the com- 
plexity of the distribution of the motor nerve fibres to the muscle 
probably accounts for the failure to demonstrate such a propagation in 
some experiments). It is, therefore, concluded that the A wave is due to 
all-or-nothing impulses in the smooth muscle fibres. Part at least of the 
B wave is also due to such impulses. The relation of such A and B 
impulses to the contraction of the smooth muscle appears to be identical 
with that obtaining between the impulses and the contraction of striated 
muscle. The NV wave is not thus related to the contraction of the muscle, 
and its time course suggests that it is associated with the increased excita- 
bility which a testing volley reveals in those motor units subliminally 
excited by a motor nerve volley. This subliminal excitatory state of 
smooth muscle thus appears analogous to the c.e.s. of nerve cells, and to 
the excitatory state which motor nerve impulses set up in curarized 
striated muscle (Bremer). 

Smooth muscle differs from striated in that it is not arranged in 
discrete motor units. Each all-or-nothing unit of the smooth muscle 
(a unit probably being identical with a single fibre) is directly innervated 
by several motor nerve fibres, and a smooth muscle impulse only arises 
when there is a summation of the exciting effects of several nerve im- 
pulses. A very small nerve volley thus appears to set up only an NV wave, 
a larger volley sets up a B wave and associated contraction of the 
muscle, and, with further increase, the B wave becomes earlier and the 
more rapidly exciting A mechanism now becomes effective in setting up 
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the impulses forming the A wave. Finally, a still larger volley increases | 
the A wave, and eventually, with a maximal motor volley insomeexperi- _ 
ments, almost all the smooth muscle units respond to give the A wave, the 
B mechanism being then only able to excite those few units not rendered 
refractory by the A impulses. The nature of these various excitatory 
mechanisms will be considered in a later paper. 
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RHYTHMIC RESPONSES OF SMOOTH MUSCLE 


By J. C. ECCLES anv J. W. MAGLADERY 
From the Physiological Laboratory, Oxford 
(Received 22 March 1937) 


THE rhythmic responses with which this paper is concerned are set up in 
the smooth muscle either by impulses in the motor nerve fibres or by 
the intravenous injection of adrenaline. Though in some experiments 
Lambert & Rosenblueth [1935] observed that rhythmic potential 
waves (their IIIa waves) were set up by a single maximal nerve volley, 
they only suggested “that each wave might represent a new set of 
elements brought into play”, no mention being made of a possible 


rhythmic response of any units of the smooth muscle. Bacq & Monnier | 


[1935] describe a depolarizing action of adrenaline on smooth muscle 
which runs a time course similar to the mechanical response, but repe- 
titive responses of smooth muscle to adrenaline have never previously 
been recorded [cf. Rosenblueth et al. 1933; Bacq & Monnier, 1935], a 
failure which presumably may be attributed to the relatively. low 
amplifications hitherto employed in electrical investigations. The method 


of experiment is similar to that described in the preceding paper, with the | 


exception that smaller coupling condensers (0-5uF.) were used in the 
later stages of the amplifier in recording some of the adrenaline responses. 


The rhythmic responses set up by a single motor nerve volley 
Figs. 1 and 5 of the present paper and Figs. 2 and 3 of the preceding 


paper show that, following the initial complex potential wave which is — 


set up in the smooth muscle by a single motor nerve volley, there is a 
rhythmic series of irregular potential waves, each of which precedes a 
step in the contraction. As the motor nerve volley is made smaller, the 
rhythmic potential waves also become smaller in amplitude (cf. the 
series of observations 5, 2, 6, 1, 3, 4 of Fig. 2, preceding paper), and the 
associated contraction steps are seen to decrease correspondingly in the 
series of observations 4, 3, 2 of Fig. 3 (preceding paper). This decrease is 
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still more obvious in observations 3, 2, 1 of Fig. 1, the contractions 


associated with the rhythmic waves in observation 1 being so small that 
the contraction progressively declines from the summit of the response 
associated with the initial complex wave. Usually (cf. Fig. 2, preceding 
paper) the rhythmic waves disappear when the motor nerve volley is 
still sufficiently large to give rise to a large initial complex wave and 
associated contraction, but there is a great variability from one experi- 
ment to another, a maximal volley in some experiments even failing to 


Fig. 1. Observations 1, 2 and 3 show a series of electrical and mechanical responses 
(myograph pulling downwards) of the nictitating membrane to a progressively larger 
single nerve volley, which is maximal with observation 3. In the response to two 
maximal nerve volleys about 20 msec. apart (observation 4) the first rhythmic wave 
(Z) is seen to be very early and also much gharper than the later rhythmic waves (2). 
The A and B waves of the initial complex are also labelled. The line marked 7’ is 


broken every 0-2 sec. | 


produce any detectable rhythmic waves, and in others these waves are 
produced by the smallest nerve volleys with which an initial complex 
wave is detectable, The most frequent type of response in our experience 
is illustrated by Fig. 3 of the preceding paper and by Fig. 1 of this paper, 
where, as the stimulus is weakened, the contraction associated with the 
rhythmic waves is seen to diminish more rapidly than the initial contrac- 
tion. 

The frequency of the rhythmic waves has never been observed to 
exceed 2-5 per sec., but such a high rate is only produced by summation 
of the exciting effects of two or more maximal volleys (see later). With 
single volleys the rate has approached 2 per sec., but is more usually 
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about 1 per sec. and may even be as slow as 1 beat in every 1-5 sec. As 
shown in Figs. 2 and 3 of the preceding paper and in Fig. 1, decrease in 
the size of a volley is always associated with a slowing in the frequency, 
but large changes are not usually observed. 

The irregular shape of the rhythmic waves (cf. Figs. 2, 3, 5 of the 
preceding paper; Figs. 1, 2,.4, 5, 8, 10), which may even appear to be 
composed of short diphasic potentials, and their invariable association 
with a contraction of the smooth muscle suggest that each of these waves 
is produced by propagated impulses in the units of the smooth muscle, 
such impulses being identical with those producing the A and B waves of 


Fig. 2. A single, almost maximal, nerve volley is set up (as shown by the arrows) at various 
times relative to the first rhythmic wave (labelled R in observation 1) of the response 
to a previous maximal volley. In observation 1 the A and the double B wave are also 
labelled. In observation 3 this second volley acts towards the end of a rhythmic wave 
and is seen to produce a greatly diminished response. Time! dv. = 10 msec. in this 
and all other figures in which it is shown. 


the initial complex potential. Such a suggestion has been investigated, 
as shown in Fig. 2, by firing a testing motor nerve volley into the muscle 


at varying times before, during and after a rhythmic wave. The position 
and irregular shape of the first rhythmic wave are seen in observation 1, 


Fig. 2, and in observation 3 a testing volley arriving during the latter — 


part of this wave produces a greatly diminished initial complex (the 
‘response to the testing volley alone is only slightly less than that for the 
initial volley in Fig. 2). In observation 2 the testing volley produces 
a large response markedly diphasic in character and with a greatly 
diminished B wave, thus resembling its response in observation 5 and in 
other observations late in the refractory period after the initial complex 


set up by the first volley (cf. observations 5, 6 and 7, Fig. 8, preceding — 


paper). Finally in observation 1, Fig. 2, a further stage of recovery in the 
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A and B waves is apparent. Thus the rhythmic wave in Fig. 2 is associ- 
ated with a refractoriness of many units of the muscle similar to that 
following the initial A and B waves, identical units being involved, and 
not fresh parts of the muscle as suggested by Lambert & Rosenblueth 
[1935]. Such a refractoriness is always demonstrable after each 
rhythmic wave, and it may even be almost total, a maximal testing 
volley producinig in some experiments little or no initial complex, 
exactly as was observed in observations 3 and 4 of Fig. 8 in the preceding 
paper. Such rhythmic waves would appear to be produced by the setting 
up of an.impulse in almost every unit of the smooth muscle. More 
usually the testing volley produces a small response, which may arise 
either in those units not responding to the rhythmic wave, or, on account 
of the large temporal dispersion of the responses of the various individual 
units (cf. Fig. 2), in those earlier units of the wave which have recovered 
their excitability before the responses of the most delayed units. 

Thus, except for the greater asynchronism of the constituent unit 
responses, the rhythmic waves resemble the initial A and B waves in all 
respects. This asynchronism often increases during any one rhythmic 
series, and, in addition, the mechanical and electrical records indicate 
that units drop out progressively during the series: Hence a single motor 
nerve volley sets up, not a true twitch response of the smooth muscle units, 
but an irregular tetanus in which, after an initial response giving the A and 
B waves, the various units respond a variable number of times often with a 
progresswely increasing asynchronism. | 

This repetitive response of the smooth muscle units would seem, in 
some experiments at least, to account for all the contraction response of 
the muscle. This is particularly well illustrated in Fig. 5, where the 
contractions bear a very close resemblance to the tetanus of a skeletal 
muscle. Thus the rapidly decreasing frequency of the rhythmic responses 
to the double volley (observations 1 and 2) is associated with an early onset 
of the decline in the contraction, while the initially increasing and then 
steady frequency of the responses to a single volley (observation 3) is 
associated with a steady rise of the contraction to a plateau from which 
decline occurs as the rhythm eventually slows. The figure indicates that 
the contraction tensions evoked by the single and double volleys would 
be equal when the frequencies of the rhythm become equal in the later 
stages of the responses, i.e. the greater maximum tension produced by 
a double volley is due solely to the higher initial frequency : of the 
thythmic response which it produces. Similar conclusions are indicated 
in all those experiments in which such comparisons are possible, i.e. 
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when approximately the same number of units are responding rhythmic- 
ally to both single and double volleys, Thus there is no evidence that one 
or two maximal nerve volleys produce any contraction in smooth muscle 
except that which is secondary to the impulses which they set up in the 
muscle units. 

The interaction of two nerve volleys 


Volleys individually too small to set up rhythmic waves. Observations | 
and 6, Fig. 3, show the action potentials set up by each of two sub- 
maximal nerve volleys which have been diminished in size until almost no 


Fig. 3. Action potentials of the nictitating membrane showing the rhythmic waves 
produced by two similar submaximal volleys at various intervals, though as shown by 
observations 1 and 6 there is almost no sign of rhythmic waves with either volley 
alone. The stimulus artefact of each second stimulus is shown by an arrow. Stimulus 
intervals in milliseconds are for observation 2, 31; for 3, 7-2; for 4, 317; for 5, 80; for 

7, 170. 


rhythmic response is produced by the smooth muscle. However, as shown 
in the remaining observations, the characteristic rhythmic waves are 
produced by summation of the exciting actions of these two volleys when 
set up at intervals varying from 7-2 msec. (observation 3) to 317 msec. 
(observation 4) apart. The rhythmic response resulting from the sum- 
mation is seen to be almost independent of the stimulus interval, the only 
appreciable change being a slight slowing with the longest interval. 
Further, this summation to give rhythmic waves is not affected when the 
second volley sets up no initial 4 and B waves (on account of the re- 
fractoriness of the units resulting from their response to the first volley, 
cf. observations 5, Fig. 3; and 5, Fig. 4), and hence it appears to be 
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independent of the effect of the second volley in setting up these A and B 


waves. 

When still longer stimulus intervals are employed, as in Fig. 4, the 
summation can be observed to decrease progressively with lengthening 
of the stimulus interval, there being at the longest interval (10 sec.) 
almost no effect of the first volley on the response to the second. The time 
course of the excitatory condition thus shown to underlie the production 
of the rhythmic waves is so much slower than that responsible for the 
facilitatory effect on the initial A and B waves, which almost disappears 
in 300-400 msec. (see preceding paper), that such conditions are clearly 


Fig. 4. As in Fig. 3, but at longer intervals to show that there is very little summation of 
rhythmic wave responses at an interval of nearly 10 sec. (observation 3). Observation 1 
shows the response to the second volley alone. In observations 5 and 6 the early — 
rhythmic wave is labelled Z and the later rhythmic waves R. The times of all stimuli 
are indicated by arrows. 


distinguished from one another. Moreover, since summation of two 
volleys sets up rhythmic waves though neither alone does so, it may be 
concluded that such waves are not produced by a special mechanism ex- 
cited by impulses in high threshold nerve fibres. The nerve fibres concerned 
are not distinguishable from those setting up the A and B waves either 
by threshold or refractory period, and presumably are identical with 
them. 
The production of rhythmic waves by a single large volley and not by 
a small volley must be explicable by the more intense excitatory effects 
exerted by the increased number of impulses in the larger volley, sum- 
mation occurring in observations such as those of Fig. 2 in the previous 
paper, just as with successive volleys down the same nerve fibres in Figs: 3 
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and 4 of this paper. Such a summation proves that, in setting up the 
. rhythmic response, many nerve fibres exert thewr excitatory action on each 
individual wnit, there being a convergence of action comparable with that 
observed in setting wp the initial A and B waves in the preceding paper. 
Volleys which individually set up rhythmic waves. As shown in obser- 
vations 1 and 2, Fig. 5, the rhythmic waves produced by two nerve 
volleys at a short interval apart always have a faster rhythm than with 
either volley alone (observation 3). As with the summation of volleys 
subliminal for the rhythmic response (Fig. 3), the summed response is not 


Fig. 5. Records as in Fig. 1 of the electrical and mechanical responses of the nictitating 
membrane to a single maximal nerve volley in observation 3, and to two maximal 
nerve volleys at intervals of 15 and 310 msec. in observations 1 and 2 respectively 
(second stimulus artefact at the latter interval is shown by an arrow). The rhythmic 
waves in the electrical and mechanical observations are particularly well shown, the 
early rhythmic waves being labelled Z, and the later rhythmic waves R. The A and B 
waves Of the initial complex are also labelled in observations | and 3. 


appreciably affected by variations in the interval from values as short as 
14 msec. to as long as 300 msec. Presumably, therefore, the second volley 
is adding its full excitatory effect at all such intervals, and, since the ~ 
excitatory effect of the first volley in producing these rhythmic waves 
shows a relatively slow decline, two similar volleys within such a range of 
stimulus intervals must together be producing an excitatory effect almost 
double that produced by a single volley. Hence the ratio of the fre- 
quencies of the resulting rhythms is of interest. ~ 

However, in any one observation, the rhythmic cycles of the double 
response do not bear any constant relation to the corresponding cycles of 
the single response. Thus the measurements of Fig. 5, which are plotted 
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in Fig. 6, reveal that, after an initial very short cycle, the rhythmic 
cycle of the double response becomes steady for a few cycles and then 
progressively lengthens to approach in duration the longer cycles of the 
single response. In Fig. 6 there is actually a progressive shortening of the 
early cycles of the single response (cf. Fig. 3, preceding paper). More 
usually the successive cycles of the single response are either fairly con- 
stant in duration (observations 1, Fig. 8; and 3, Fig. 10), or else show a 
lengthening which is relatively less than that of the double response. In 
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Fig. 6. For.each observation of Fig. 5 the durations of the successive rhythmic waves 
(measured between their summits) are plotted as ordinates against, as abscisse, the — 
intervals between these summits and the crest of the A wave. In observation 2, Fig. 5, 
the second volley sets up a large A wave and measurements are made from its crest. The 
crosses show the points for the response to a single volley, the solid circles and the 
hollow circles for two volleys at intervals of 15 and 310 msec. respectively. The two 
early rhythmic waves are labelled Z. | 


all cases, therefore, the rhythm of the double response continuously 
approaches that of the single response, there being no constant ratio 
between the two frequencies. Presumably the ratio of the durations of 
the first few rhythmic cycles gives the most reliable index of the change 
in frequency produced by doubling the excitatory effect. 
When the cycle of the rhythmic response to a single volley is long, it 
may even be halved with the double response, e.g. a cycle of 1-5 sec. has 
been shortened to one of 0-78 sec. On the other hand, when the cycle of the 
single response is short, it is much less affected, e.g. a cycle of 0-58 sec. is 
only shortened to 0-44 sec. with the double response. There appear to be 
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definite limits to the shortening which can thus be produced with the 
double response, for rhythmic cycles are frequently shortened to a little 
more than 0-4 sec. in duration, while cycles shorter than this have never 
been observed. Apart from such limitations there is a large degree of 
variation in the relative shortening from one experiment to another, and, 
as both the duration of the cycle and the wave form often show a con- 
siderable degree of irregularity from one beat to the next, no precise 
determination is possible for the changes produced in rhythms of various 
frequencies by doubling the excitatory effect. 


7. A series of ta 4, but with single volleys which are large enough 


to set up several rhythmic waves. In observation 3 is shown the response to the 
second volley alone. This volley is considerably smaller than the first volley (shown in 
observation 2), and cansequently it sets up a slower and less complex rhythmic 
response. 


When a single volley sets up either no rhythmic waves or only a few 
feebly developed ones, we have seen that it is followed by a period of 
several seconds during which there is an increased production of rhythmic 
waves by a second volley (Fig. 4). Further we have seen that two volleys 
at a short interval give rise to rhythmic waves which are initially much 
quicker than those set up by either volley alone. However, as shown in 
Fig. 7, after a series of rhythmic waves set up by a single volley, there is a 
period of depression during which a testing volley sets up rhythmic 
waves which are smaller and which die away more quickly than in control 
responses to this volley alone. This condition of depressed rhythmicity of 
the units reaches a maximum towards the end of the rhythmic response 
to the first volley, 
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Fig. 7). Since this depressed rhythmicity is absent when the first volley 
sets up very little or no rhythmic response (cf. Fig. 4), it appears to arise 
as a result of this response. It may thus be regarded as a type of “ adapta- 
tion” produced by the rhythmic response, and it seems likely that this 
“adaptation” would also be effective during the actual response, tending 
to slow and eventually to stop it. “‘ Adaptation” may thus provide an 
explanation of the slowing of rhythm which was more rapid for the 
double than for the single responses in Figs. 5, 6 and 10, for, presumably, 
the higher the frequency of the rhythm, the more rapid the “adaptation”. 

“Adaptation” may also be responsible for the progressive decline in 
thythmicity which occurs when series of observations are taken in rapid 
succession, ¢.g: at more than 1 per min. 


The initial beat of the rhythmic series 

Usually the first beat of the rhythmic response set up by a single 
nerve volley follows the initial negative complex (the A and B waves) by 
an interval approximately equal to (cf. observations 1, Fig. 8; and 3, 
Fig. 10) or a little longer than (cf. Fig. 3, preceding paper; observation 3, 
Fig. 5 of this paper) the subsequent cycles of the rhythmic series, i.e. the 
rhythm appears to continue on directly from the initial A and B waves. 
Such a condition also obtains for observations 3 and 4 of Fig. 2 in the 
preceding paper, but the larger nerve volleys of observations 6, 2 and 5 
are seen to set up a very early wave of the rhythmic series, this wave 
being less than half a cycle after the initial A and B complex. In this 
series it is obvious that this wave has not been produced by the forward 
shift of the earliest rhythmic wave in observations 3 and 4. It has arisen 
independently in this early position. It is perhaps first evident with the 
volley employed for observation 1, and progressively increases with 
increase in the size of the volley (observations 6 to 2 to 5), until its size 
rivals that of the next beat. At the same time it becomes slightly earlier. 
Meanwhile the phase of the subsequent beats has become realigned so 
that the rhythmic series now appears to commence from this early beat 
and not from the initial A and B waves as in observations 3 and 4. Only 
in four experiments have single volleys been observed to set up such early 
rhythmic beats, but in three other experiments the first rhythmic beat 
has followed the initial A and B waves by a cycle much shorter than the 
subsequent rhythmic cycles, and, as the volley has been made smaller, 
all transitions have been observed to the usual condition where the cycles 
have been approximately equal. Such early rhythmic waves thus appear 
to have no affinity to those described above. 
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The rhythmic respor.se set up by two maximal nerve volleys at.a short 
interval apart almost always commences with a beat (labelled £ in all our 
figures) which is very early after the initial A and B waves—usually 
beginning as soon as 200 msec. after the initial A and B complex, and 

often being larger and much sharper than the subsequent beats of the 
_ rhythmic series (cf. observations 4, Fig. 1; 5 and 6, Fig. 4; I and 2, Fig. 5; 
3, Fig. 8; 1, 2, 4, 5, 6, Fig. 10). Early rhythmic waves are also usually 
produced by the interaction of two large submaximal volleys (cf. Fig. 3). 
In many experiments these early waves are clearly seen to be associated 
with an increase in the steepness of the contraction curve, which in its 
short earlier course is produced only by the impulses giving the initial 
A and B complex (cf. observations 4, Fig. 1; 1 and 2, Fig. 5). Moreover, 


Fig. 8. Observations 1 and 2 show the primary, #,, and secondary, R,, rhythmic waves set 
up by a submaximal and a maximal nerve volley respectively. Observation 3 shows 
the response to two maximal nerve volleys at 15 msec. interval, the A and B waves of 
the initial complex and the early rhythmic wave, #, also being labelled. 


in the preceding paper this additional contraction has been shown to 
follow the early rhythmic wave at an interval corresponding to that 
between the A and B complex and its associated contraction. Finally, a 
testing motor nerve volley demonstrates that this early rhythmic wave is 
followed by a period of refractoriness in every way comparable to that 
following any of the subsequent waves or the initial A and B complex 
(cf. observations 1, 5 and 7, Fig. 9). Thus there can be no doubt that th: 
early rhythmic wave is due to impulses in the units of the smooth muscle, 
and these impulses are identical with those giving the initial A and B 
waves and the later rhythmic waves. 

It might be suggested that, with such observations as 1 and 2 of Fig. 8, 
an early rhythmic wave is set up by the single volley as well as by the 
double volley, but it is obscured by the potential change at the end of the 
positive wave. However, a testing nerve volley reveals that there is no 
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sign of any developing refractoriness at a point corresponding to the 
refractoriness produced by the early rhythmic wave set up by the double 
nerve volley (cf. observations, 4, 5, 6 and 7, Fig. 9), hence no rhythmic 
wave could be present. A similar conclusion may be drawn from an 
investigation of the effects of lengthening the interval between the two 
nerve volleys. The early rhythmic wave then becomes progressively later 
(cf. the series of observations, 1, 2, 4, 5, 6, Fig. 10; 5, 6, 2, 4, 3, Fig. 4), 
until, with long intervals, the first rhythmic beat after the second volley is 


Fig. 9. A maximal nerve volley (response shown in observation 1) tests the excitability of 
the smooth muscle at varying times after the response to single (observations 4 and 6) 
or to double maximal nerve volleys. The control responses are shown in observations 
3 and 2 respectively. The early rhythmic wave set up by the double volley is labelled £ 
in observations 2 and 7, and the A and B waves of this initial complex are also labelled. 
Further description in text. 


no earlier than that following a single volley, i.e. all transitions are ob- 
servable between the early rhythmic wave and the first rhythmic wave 
with a single volley. 

This effect of lengthening the stimulus interval is not usually evident 
as long as this interval remains less than 100 msec. (cf. observations 2, 3, 
4, 5, Fig. 8 of preceding paper), but, as the interval is still further 
lengthened, the early rhythmic wave rapidly becomes more delayed (cf. 
observations 1, 2, 4, 5, 6, Fig. 10). This suggests that the rate of decay of 
the excitatory process underlying the production of these early rhythmic 
waves runs almost as rapid a time course as that responsible for facilita- 
tion of the initial A and B waves, which also decays rapidly after 100 msec. 
(see preceding paper). Thus this facilitatory process may be in part 
responsible for setting up the first rhythmic beat so soon after the 
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initial complex. Possibly it acts by inducing a quicker recovery from the 
refractory period following this complex, and hence conditions the 
muscle units to respond so prematurely to the enduring ey 
mechanism responsible for setting up the rhythmic waves. 
This explanation would seem to be particularly significant in experi- 
ments such as that illustrated by Fig. 2 of the preceding paper. It was 
noticed that, as the single volley was increased in size, the early rhythmic 


6 


Fig. 10. In observations 1, 2, 4, 5 and 6 two maximal nerve volleys are set up at intervals 
of 26, 46, 228, 470 and 790 msec. respectively, the second stimulus artefact being indi- 
_ cated by the arrows. Observation 3 shows the response to the first volley alone, and in 
the first three observations the A and B waves of the initial complex, the early rhythmic 
—- and the later rhythmic waves, R, are labelled. | 


wave first appeared in the characteristically early position which it 
maintains during the growth that is brought about by further increase of 
the volley. This is just the position where the early rhythmic wave would 
be expected if it owed its production partly to the above facilitatory 
process, for testing with a second maximal volley shows that the decay of 
this facilitatory process is then still in a relatively early stage and the 
recovery from refractoriness is well advanced. 

A comparison of Fig. 3 of this paper with Fig. 2 of the preceding paper 
convincingly shows that, in the experiment from which these two figures 
were taken, the early rhythmic wave produced by summation of two 
submaximal volleys is identical with that produced by a single larger 
volley, the explanation in terms of the facilitatory process thus also being 
indicated for some at least of the early rhythmic waves produced by 
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summation of two-volleys. Further evidence is, however, necessary before 
such an explanation can be developed in detail or extended to cover all 
examples of early rhythmic waves. This caution must particularly be 
applied to those experiments in which, by diminishing the size of a single 
volley, all transitions are produced between a short initial cycle (early 
rhythmic beat) and an initial cycle equal to the later cycles. Under such 
conditions the early rhythmic beat may occur almost as long as 1 sec. 
after the initial A and B waves, an interval which seems much too long for 
survival of any appreciable facilitatory effect of the type suggested above. 


The co-ordination of the rhythmic responses of the units 

In some experiments the various units which respond with each 
rhythmic wave rapidly get out of phase, and it is impossible to follow the 
rhythm for more than a cycle or two. For example, in observation 8, Fig. 5 
of the preceding paper, an irregular continuous series of potential waves 
begins some time after the early rhythmic beat. More usually the regu- 
larity of the rhythmic waves is maintained for several cycles, the 
changes being in amplitude rather than in temporal dispersion (cf. Fig. 2 
of preceding paper). Finally there are the remarkable experiments in 
which the rhythmic beating goes on regularly for a large number of 
cycles (cf. Fig. 5 of this paper), and even may become re-established after 
a temporary period of irregularity (observations 2 and 3, Fig. 8). Such 
observations show conclusively that the various units of the muscle are 
not responding independently. There must be some co-ordinating process 
by which they are kept in phase or restored to phase after a period of 
asynchronism. 

Rhythms less regular and prolonged, e.g. those illustrated in Fig. 2 of 


‘the previous paper or in Fig. 4 of this paper, conceivably could be pro- 


duced by summation of the rhythmic responses of units initially brought 
into phase by their almost synchronous A or B responses, and thereafter — 
beating independently of each other, but at frequencies which are 
distributed about a certain dominant value dependent on the general 
intensity of the excitation. However, now that a process co-ordinating 
the responses of the units of some smooth muscles has been demon- 
strated, it seems likely that this co-ordination is also playing a part in 
maintaining these less regular rhythms. 

In the preceding paper it was shown that a small motor nerve volley 
sets up a B wave after.a long latent period. As the volley is increased in 
size, the latent period shortens, an increased number of units respond to 
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give the B wave, and their responses are less asynchronous. Thus, as soon 
as this increase in size of the volley becomes adequate to recruit any 
particular unit into the B group, that unit responds with a latent period 
much shorter than that obtaining for the low threshold units in their 
response to the very small volley initially employed. The latent period of 
the units just excited to the threshold intensity for eliciting a B response 
thus decreases progressively as the size of this response increases. There- 
fore there would seem to bea co-ordinating process tending to syn- 
chronize the responses of the units giving the B wave, an effect pre- 
sumably similar to that acting during the rhythmic waves. 

At times, e.g. Fig. 5, the wave form is simple and relatively constant 
throughout a long rhythmic series, thus indicating that there is an 
aggregation of the responses of the various units around an optimum 
position, and that this disposition is approximately maintained for each 
successive beat. Frequently, however, the wave form is complex and 
‘shows systematic variations. Thus in observation 1, Fig. 8, each of the 
first four rhythmic waves, R,, is followed by a secondary wave, R,, 
which eventually, in the sixth and seventh beats, appears to become 
merged into the primary wave. With the larger single volley of observa- 
tion 2, Fig. 8, this secondary wave is large with the first beat, and the 
rhythm then becomes temporarily confused, the next primary and 
secondary waves being small, but: the third primary wave is large and 
the primary wave clearly dominates the next four cycles, though the 
secondary wave is still evident. In other observations dominance send 
eventually be achieved by the secondary wave. 

A further development of this antagonism between the primary ad 

secondary waves would seem to be the explanation of the temporary 
almost complete asynchronism of the responses of the individual units in 
observation 3 after the first two rhythmic beats. However, the third beat 
of the primary rhythm is still detectable, and thereafter a progressive 
dominance develops with the fourth, fifth and sixth beats. Similar 
primary and secondary waves also appear in observations 3 and 4, Fig. 1, 
in the response to the first volley in the observations of Fig. 7, and in 
observations 3 and 4 of Fig. 3 in the preceding paper. 

The development of secondary waves and the consequent disturbance 
of the rhythm is always accentuated by increasing the intensity of the 
excitation, larger nerve volleys or summation of the effects of two nerve 

volleys being shown to be thus effective in Figs. 1, 7 and.8. In experi- 
ments in which two maximal volleys set up a regular rhythmic response, 
the still more intense excitation produced by three volleys often results in 


< 
ix 
4 ty 
\ 
j 
4 
a 


SMOOTH MUSCLE | 83 


an asynchronism of the various units of the muscle. When the excitatory 

process setting up the rhythmic responses is intense, it would thus seem 
to excite the units to respond independently of the co-ordinating process. 

It would, therefore, be expected that a more regular rhythm would 
develop with the later waves of a rhythmic series, for then the intensity 

of the excitatory process would have decreased. Such an expectation is 

seen to be realized in Figs. 5 and 8. | 

Discussion. Thus the co-ordinating process does not constitute a 
rigid linking together of the various units of the smooth muscle, e.g. the 
condition of the smooth muscle does not become comparable to that of 
cardiac muscle, where the uninterrupted passage of a single impulse 
links all the muscle fibres in a single all-or-nothing unit. The irregularity 
in the shapes and sizes of the successive potential waves is sufficient to 
exclude such a condition for smooth muscle. Further, any participation 
of the nervous system in the co-ordinating process may be excluded, for 
all the fine meshwork of nerve fibres in the muscle arise from neurones in 
the superior. cervical ganglion, and no anastomosis is demonstrable 
between the fibres from different neurones. Thus all the nerve fibres 
degenerate if the ganglion is removed, and part only after partial 
removal of the ganglion [Lawrentjew & Borowskaja, 1936]. Again, 
the graded effects produced by graded stimulation of the postganglionic 
trunk show that there is no anastomosis of the different nerve fibres with 
one another. 

Hence there seem to be only two possible explanations of the co- 
ordinating process in smooth muscle. 

(1) The units of the muscle are anatomically independent, approxi- 
mate synchronization of beats being conditioned by a tendency for a 
beat in any one unit to set up a beat in adjacent units. Thus the unit in 
which a beat first arises (the temporary pacemaker) conditions a response 
in other units and these in turn in others, and so on for all the units of 
that wave. The contraction response of a unit is too sluggish to form the 
basis of such a spreading excitation, for it is never detectable within 
100 msec. of the action potential, and in each rhythmic wave the action 
potentials of the various units must follow each other within intervals of 
a very few milliseconds. There is no experimental evidence to support an 
explanation based on transmission due to rapid diffusion of exciting 
chemical substances liberated by impulses in each unit. Thus there 
remains the possibility that the eddy currents associated with the propa- 
gation of an impulse in any one unit (cf. preceding paper) exert a weak 
exciting action on adjacent units, which consequently set up impulses 
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earlier than would be the case in the natural course of their own rhythmic 
cycles. Besides offering an adequate explanation of the rapidity of 
action of the co-ordinating mechanism, such an explanation is in ac- 
cordance with experimental evidence, for a spread of the eddy currents 
does of course occur into the adjacent fibres, and smooth muscle fibres 
have been shown to be electrically excitable [Monnier & Bacgq, 1935; 
Eccles & Magladery, 1937] though this has been denied by Rosen- 
blueth et al. [1936]. Such an explanation is similar to that offered by 
Adrian [1930] and Adrian & Gelfan [1933] for the synchronous 
rhythmic activity of nerve and striated muscle fibres. It could, of course, 
only be securely established if it would be shown that the excitatory 
effect exerted by the eddy currents is adequate to condition the observed 
synchronization. 

(2) An alternative explanation may be offered in terms of the proto- 
plasmic bridges which have been described between the smooth muscle 
fibres [Boeke, 1932]. On account of the possible functional significance 
of such bridges the units of smooth muscle were, in the preceding paper, 
not definitely identified with single smooth muscle fibres, the possibility 
being envisaged that impulses may be transmitted from one fibre to 
another across the bridges. Still more tenuous bridges might link fibres 
of different units, and, though failing to transmit impulses, could serve 
as a pathway for spread of excitatory conditions, which have already 
been shown to spread from the region of any one nerve ending to the 
region of many other nerve endings. Such an explanation seems much 
- less likely than that discussed above, depending as it does on purely 
hypothetical conditions, for we have no knowledge of the functional 
behaviour of protoplasmic —— whose very existence is id no means 
well established. 


The action of adrenaline 


Observation 1, Fig. 11, shows the typical electrical response produced 
in the nictitating membrane by intravenous injection of a small quantity 
of adrenaline (15). Simultaneous mechanical recording (cf. observations 
1 and 2, Fig. 12) reveals that these action potentials are always associated 
with a contraction of the smooth muscle, and they continue, but with 
diminishing intensity, during and even beyond the rising phase of the 
contraction. Moreover, since adrenaline never produces a contraction of 
normal smooth muscle in the absence of these action potentials, their 
relation to the contraction is comparable to that abeeining for the 
responses produced by motor nerve — 
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The faster records of observations 3 and 4, Fig. 11, and the higher 
amplification of observation 6 allow a more detailed examination of the 
adrenaline action potentials, which are seen to be compounded of spike- 
like waves, the-earthed lead being usually initially negative to the grid 
lead. Many of these waves are seen to have a diphasic shape and are very 
brief, e.g. the initial wave in observation 6 has a total duration of about 
20 msec., and so is as fast as the fastest action potentials set up in 
response to a nerve volley. This similarity between the spike-like waves 


Fig. 11. Observations 1, 3, 4 and 6 show the action potentials which intravenous injections 
of adrenaline set up in the smooth muscle of the nictitating membrane, the respective 
doses being 15, 10, 10 and 5y. Observation 1 is taken at a much slower rate than the 
other observations, and with observation 6 the amplification is increased 1-7 times. 
Observations 2 and 5 show the electrical base line in the absence of an adrenaline 
injection. 


of the adrenaline action potentials and those of the action potentials set 
up by motor nerve impulses has been observed in all experiments. Since, 
as we have seen, both these potentials are similarly related to the 
contraction of the muscle, there would seem to be no doubt of their 
identity. Thus the adrenaline responses presumably are also produced by 
propagated all-or-nothing impulses in the units of the smooth muscle. 
The polarity of the action potentials shows that most of these impulses 
are propagated in the direction of earthed lead to grid lead, 1.e. there is a 
general tendency for them to be set up at the same region as the impulses 
produced by motor nerve impulses. This recalls the observation of 
Langley [1907] that nicotine only sets up the rhythmic discharge of 
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impulses in frog’s muscles when it is applied to the region of the motor 
end plates, and, similarly, the impulses set up in mammalian muscles by 


Fig. 12. Observations 1 and 2 show the electrical (Z) and mechanical (M) responses of the 

nictitating membrane to the intravenous injection of 10 and 50 of adrenaline respect- 
ively. Early in the relaxation of the response to 50y a second injection of 10 was given 
(observation 3), the respective electrical and mechanical responses being labelled F, 
and M,. The initial contraction tension is indicated by the height of M, above EZ, at the 
outset, for the. completely relaxed M is below Z as shown in observations | and 2. 
Observations 4 (Z, and M,) and 5 (Z, and M,) similarly show the responses to 10 y 
adrenaline at later stages of relaxation from the response to 50y adrenaline. The 

_ quasi-artefact produced by arterial pulsation in the membrane may be detected in 
some mechanical records, e.g. M,. All injections given at approximately the same time 
before taking the records. _ 


acetylcholine and eserine probably arise at the motor end plates [Brown 
et al. 1936; Brown, 1937; Eccles, 1936, pp. 404, 407]. 
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Observations 1, 3 and 4, Fig. 11, further show that, after an initial 
period of asynchronism, the short spike-like waves exhibit a tendency to 
come into phase, forming complex waves whose frequency is at first about 
2 per sec., but thereafter it gradually slows and the waves become smaller, 


Fig. 13. Asin Fig. 11, 10y of adrenaline being given intravenously with observations | and 3. 
Observation 2 shows the control base line. The time scales for observations 1 and 2 
are shown respectively above and below the central line. 


Fig. 14. As in Fig. 11, observations 1, 2, 3 and 5 showing respectively the responses to 5, 
10, 25 and 150 of adrenaline injected intravenously. Observation 4 shows the control 
electrical base line. 


the final rhythm being about 1 per sec. in observation 1. This tendency 
to synchronism is particularly well shown in Figs. 13 and 14. In Fig. 13 
the grouping into complex waves is seen to be established right at the 
outset of the response, the intervals between the successive waves being — 
there as short as 0-35 sec. The similarity of successive waves in some 
parts of Figs. 11, 13 and 14 shows that these waves are compounded of 
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the responses of units beating rhythmically with one beat for each wave, 
ie. the frequency of the waves gives the frequency of the individual 
units, exactly as with the rhythmic waves set up by motor nerve 
impulses. 

The frequency, thus determined, of the impulses in individual units is 
fastest at the beginning of the response, and is never more than 3 per sec. 
It then progressively slows to rather less than 1 beat per sec,, rhythms 
slower than 1 beat in 1-5 sec. never being observed. This close corre- 
spondence between the frequencies of the rhythmic responses produced 
by adrenaline and by motor nerve impulses confirms the above conclusion 
of the identity of these two types of response. Fig. 14 shows that within 
limits the rhythm is faster the larger the quantity of injected adrenaline. 
5, 10 and 25y set up rhythms which at their outset are about 0-95, 1-26 
and 2-1 per sec. respectively, while the much larger injection of 150y in 
observation 5 only increased the rhythm to 3 per sec., i.e. there appears 
to be an upper limiting value of about 3 per sec. to the frequency of the 
rhythmic discharge of impulses by the individual units. 

In Fig. 13 the rhythm is interrupted by temporary irregularities, 
though in both observations 1 and 3 a regular beat at a frequency of 
about 1 per sec. is eventually established. In the occurrence of these 
temporary breaks in the rhythm (cf. observations 3 and 5, Fig. 14), 
which are often accompanied by the appearance of secondary waves, the 
response to adrenaline again closely resembles the rhythmic waves set up 
by motor nerve impulses (cf. Fig. 8). Thus the co-ordinating process 
which is responsible for the tendency to synchronism both in these 
adrenaline responses and in the. responses to motor nerve impulses can 
exercise no rigid control over the individual units. This is further shown 
by the variations in wave form in Figs. 13 and 14 which indicate that the 
different units must vary considerably, from one beat to the next, in 
their phase relations to one another. Generally the adrenaline responses 
exhibit more asynchronism than the rhythmic responses set up by motor 
nerve impulses, a difference presumably arising because in the latter case 
the responses are approximately synchronized at the outset by the re- 
sponse giving the initial complex (the A and B waves). 

Discussion. In only one respect has a difference been observed between 
the rhythmic responses to adrenaline and to motor nerve impulses, The 
contraction produced by motor nerve impulses always seems: to be pro- 
duced entirely by impulses in the smooth muscle units, the tension always 
declining when a cessation of action potentials indicated that no more 
impulses were being set up. Though this correspondence may also occur 
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for the responses evoked by small quantities of adrenaline, e.g. 5 intra- 
venously, the contraction produced by larger quantities declines so slowly 
that it is prolonged far beyond the duration of detectable action potentials _ 
and hence presumably of the impulses (cf. observation 2, Fig. 12). It may 
be that the individual units have become completely asynchronous, their 
action potentials then being too small to be detectable, but the closely 
parallel observations of Brown [1936] on striated muscle make it more 
likely that a contracture has supervened on the contraction associated with 
the impulses, Thus Brown finds that a small quantity of acetylcholine 
given by intra-arterial injection into normal frog’s or denervated mam- _ 
malian muscles sets up a contraction associated with the irregular series of 
diphasic action potentials which are produced by impulses in the muscle 
fibres. Larger quantities of acetylcholine produce a still longer mech- 
anical response of the muscle, but the action potentials are now restricted 
to a short initial burst. Since the potential produced by a single impulse 
in a single fibre could be detected, the prolonged mechanical response 
must occur independently of propagated impulses in the muscle fibres, 
i.e. it must be a contracture. 

A further parallel with Brown’s experiments is illustrated in Fig. 12. 
Testing doses of 10y of adrenaline were injected at various times during 
the declining phase of the prolonged mechanical response set up by the 
injection of 50y of adrenaline (observations 1 and 2 show respectively the 
initial responses evoked by 10 and 50y of adrenaline). Observation 3 
shows that early in the declining phase the testing dose produces almost 
no action potential and a diminished mechanical response, and observa- 
tions 4 and 5 show that the testing dose evokes progressively larger 
electrical and mechanical responses as it is applied later in the declining — 
phase, Thus the prolonged mechanical response evoked by 50y adrenaline 

is associated with a striking depression of the rhythmic discharge of 

impulses which is normally evoked by adrenaline. A similar depression - 
of the rhythmic discharge of impulses which is evoked by ACh. in 
striated muscle has been shown by Brown to occur during the contracture 
produced by a large injection of ACh. Thus there seems to be no doubt 
that a contracture is also produced in smooth muscle by a large injection 
of adrenaline. 

It may be that, if the excitation coulne’ by motor nerve impulses is 
made sufficiently intense, e.g. by several maximal volleys in quick succes- 
sion, the smooth muscle would respond by a contracture response re- 
sembling that produced by large quantities of adrenaline. It is not even 
possible to exclude the _— of small contractures in the responses to 
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or double volleys. However that may be, the rhythmic waves 
uced by motor nerve impulses so closely resemble the adrenaline re- 
. sponses that it may be regarded as established that these rhythmic responses are 
produced as a consequence of an adrenaline-like substance (Ad.-substance) 
liberated by the motor nerve impulses. Further evidence in support of 
this is provided in the next paper by the actions of cocaine and 933 F. 

The hypothesis has been put forward that this Ad.-substance combines 
with a receptive substance in the smooth muscle cells to form a substance 
called sympathin, which alone is capable of evoking a contraction re- 
sponse {cf. Cannon, 1933, 1934; Rosenblueth, 1932, 1935, 1936). 
A critical examination of this hypothesis [Eccles, 1936, pp. 414, 430] 
has shown that it lacks reliable support, and that the simpler view that 
the Ad.-substance acts directly on the smooth muscle fibres is adequate to 
explain all the available experimental evidence. There is some evidence 
[cf. Bacq, 1935] that Ad.-substance differs slightly from adrenaline, but 
Loewi [1936] has recently provided good evidence that in the heart Ad.- 
substance is identical with adrenaline. For the present, powever, it seems 
advisable to retain the term Ad.-substance. 


The effect of adrenaline on the response to a motor nerve volley 

Rosenblueth and Cannon [1936] and Eccles & pamedery 
[1936] have independently described the 
diminution which adrenaline effects in 
all phases of the initial complex poten- 
tial set up by a maximal nerve volley. 
As shown in Figs. 15 and 19, which are 
typical of our thirteen experiments, the — 
maximum diminution of the NV, A, Band 
the positive waves is reached at about j 
30 sec. after the intravenous injection 
of adrenaline, or about 15~—20 sec. after 
the beginning of the adrenaline action 
potentials. Recovery is almost com- 
plete in 2-3 min. In the eight experi- 
ments in which records were fast enough and 2, 3, 4, 5 and 
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latency of the beginning of the initial 30, 90, 150 and 210 or after ™ 


complex has not been altered, but the ‘ravenous injection of 25y 
A, B and positive waves have been 
made quicker in their time course (cf. Figs. 15, 17 and 18), an effect 
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Fig. 16. Each circle, open or solid, represents the potential of the summit of the A wave set 
up by @ maximal nerve volley plotted against the time ¢abscissw) after the intra- 
venous injection of 25y of adrenaline, while each cross shows the time from the nerve 
stimulus to the summit of the A wave similarly plotted against time after the adrenaline 
injection. The open circles are derived from the same observations as the crosses. The 
top horizontal line shows the potential and latent period of the control A wave before 
the adrenaline injection. 


Fig. 18 A. 


| Fig. 18B. 


Fig. 17. Observations 2, 4, 6 and 8 show the smooth muscle action potentials evoked by 
nerve volleys set up by stimuli whose strengths in arbitrary unite are respectively 6, 9, 
17 and 33. Corresponding stimulus strengths were employed for the series of observa- 
tions 1, 3, 5 and 7, but 25+ of adrenaline had been given intravenously about 40 sec. 
earlier than each of these observations. 

Fig. 18A. As in Fig. 15, but the action potentials are set up by two maximal nerve volleys 
at 15 msec. interval (stimuli shown by arrows), the control response being shown in 
observation 1. Observations 2, 3, 4 and 5 are taken respectively 30, 60, 90 and 150 sec. 
after the intravenous injection of 25 of adrenaline. 

Fig. 18B. As in Fig. 18A, but the stimulus interval is 320 msec. Clnsavadionis fond 8 ins 
respectively 30 and 90 sec. after the injection of 25y of adrenaline, observation | 
showing the control response before the adrenaline. 
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which apparently was not noticed by Rosenblueth & Cannon [1936]. 
Fig. 16 shows that this quickening of the A wave (measured by the 
latency of the crest of its spike) runs a course which closely corresponds 
to that of its simultaneous diminution in size by adrenaline. 

The slower action potentials produced by submaximal volleys suffer 
even greater changes of the same kind, e.g. the smooth rounded negative 
wave of observation 2, Fig. 17, is altered to a small sharp early spike in 
observation 1, and a comparison of observations 4 and 3, and even 6 and 
5 also shows a greater change than in observations 8 and 7. On the other 
hand adrenaline has relatively little effect on the time course of the A 
wave when it is formed by almost synchronized responses of the muscle 
units, such as are produced by two maximal volleys in quick succession 
(Fig. 18 A), or by a second volley in the relatively refractory period of the 
response to a previous volley (Fig. 18 B). The alteration which adrenaline 
effects in the time course of the components of the initial potential wave 
would, therefore, appear to be due to a decreased asynchronism of the 
responses of the individual units rather than to a change in the duration 
of these responses. 7 

Fig. 18A illustrates a change in shape which adrenaline produces in 
the action potential. The series of observations at 30, 60, 90 and 150 sec. 
after the adrenaline injection clearly shows that adrenaline has produced 
a great diminution in the negative component of the diphasic A wave, the 
positive component even being increased in the observation at 30 sec. 
A similar relative increase of the positive component is also seen in 
diphasic potentials produced by the second volley at a long interval in 
observations 2 and 3, Fig. 18 B, and indeed it has been detectable to some 
extent in all our observations (cf. Figs. 15 and 17). A similar effect appears 
to have been noticed by Rosenblueth et al. [1936] in one experiment on 
pilomotor muscles, but, as they failed to recognize the normal diphasic 
character of the A wave, they interpreted a sharp positive wave resembling 
that of observation 2, Fig. 18 A, as due to the suppression of the A wave 
making apparent the early onset of the slow positive wave (their II wave). 
In some of our experiments the positive component of the diphasic A wave 
was very large even in the absence of an adrenaline action. 

Presumably the rhythmic responses of the muscle units to adrenaline 
are followed by refractory periods, just as are the initial and rhythmic 
responses evoked by motor nerve impulses. Such a refractoriness must 
provide at least a partial explanation of the diminished and less asyn- 
chronous action potentials which a motor nerve volley evokes during an 
adrenaline response. However, these effects of adrenaline considerably 
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outlast the irregular action potentials produced by the rhythmic re- 
sponses of the units. For example, in observation 5, Fig. 19, the testing 


Fig. 19. Smooth muscle action potentials (nictitating membrane) set up by intravenous 
injection of adrenaline and a testing maximal motor nerve volley. Observation 3 
shows the response to this testing volley alone, and in observations 4, 5 and 2 are shown 
the responses to this volley at 6, 29 and 54 sec. respectively after the beginning of the 
action potentials set up by the intravenous injection of 25y adrenaline. Observation 1 
shows the adrenaline response at 4-5 times the amplification of the other observations. 
The horizontal arrows indicate the height of the summit of the A wave set up by each 


100 


Fig. 20. An injection of 20y adrenaline intravenously sets up the contraction (myograph 
pulling downwards) shown by the continuous line, and also diminishes the A waves 
(plotted as ordinates as a percentage of the control A wave) produced by testing 
maximal nerve volleys at various times during this response (shown by the circles). 

motor nerve volley is set up after the end of the smallest adrenaline 

responses that can be detected in the highly amplified record of observa- 
tion 1, yet its A wave is only about one-quarter of the control response 
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shown in observation 3, while in observation 2 a testing volley a further 
25 sec, later still has its A wave greatly diminished. Thus the effect of 
adrenaline on the initial action potential which is evoked by a testing 
nerve volley considerably outlasts the period during which a rhythmic 
discharge of the muscle units is revealed by the action potentials, but on 
the other hand, as shown in Fig. 20, it always runs a shorter time course 
than the contraction evoked by the adrenaline. 

Fig. 19 further shows typically that the rhythmic waves produced by 
a testing nerve volley are greatly diminished for a long time after the 
adrenaline action potentials have ceased, there being, for example, only 
two small rhythmic waves in observation 5, while even at the very long 
interval of observation 2 recovery is by no means complete. On the other 
hand in observation 4 the testing volley in the early stage of the adrenal- 
ine response seems to produce an effect comparable with the control 
response in observation 3, the adrenaline-like substance liberated by the 
nerve impulses presumably having added its effect to that of the injected 
adrenaline. Records of the contractions confirm these electrical observa- 
tions. Thus, after the period of the adrenaline action potentials, the 
depression of the rhythmic wave response evoked by a testing volley 
runs a time course similar to the depression of the initial potential wave. 
Moreover, during this period of depression, we have seen that both the 
electrical and mechanical responses to a second injection of adrenaline 
are also diminished. Presumably, therefore, this slowly increasing de- 
pression produced by an injection of adrenaline is at least partly re- 
sponsible for the diminution and eventual stopping of the rhythmic 
action potentials which, as we have seen, are only set up during the early 
stages of the response to a large quantity of adrenaline. 


Discussion 


The depressed excitability of the smooth muscle units during that 
part of the adrenaline response which is beyond the period of the rhythmic 
action potentials provides a further parallel with the conditions obtaining 
during acetylcholine contracture of some striated muscles, for Brown 
[1936] has shown that during this contracture it is difficult or impossible 
to set up impulses in the muscle fibres either by the application of 
additional acetylcholine or by direct electrical stimulation. Thus there 
can be very little doubt that, after the initial contraction produced by 
rhythmic impulses inthe muscle units, a large quantity of adrenalitie sets 
up a later prolonged contracture of the muscle, during which tension may 
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be maintained, though the rhythmic production of impulses has ceased and 
the excitability of the muscle units is greatly depressed. 

Evidence has been presented which indicated that, with the mechan- 
ical responses evoked by one or two maximal nerve volleys, no contractile 
mechanism need be postulated other than that associated with impulses 
set up in the muscle units either as the initial 4 and B waves or as 
the later rhythmic waves. Apparently the adrenaline-like substance is 
liberated in such small quantities or in such a relation to the muscle 
fibres that little or no contracture is produced. However, it would be 
difficult to exclude a small contracture in such cases and the depressed 
excitability of the muscle units (“adaptation”) may perhaps be identical 
with the depression which is associated with the adrenaline contracture, 
though of course no invariable relationship has been established between 
depressed excitability and contracture. Thus a small contracture possibly 
may be evoked even by single or double nerve volleys, and, with a 
_ tetanic stimulation, the accumulating Ad.-substance liberated by the 
successive volleys might give rise to a contracture comparable to that 
produced by large quantities of adrenaline. Hence the progressive 
depression of the A waves during tetanic stimulation [Rosenblueth et 
al. 1936; Rosenblueth & Cannon, 1936] has two possible explanations. 

(1) The accumulating Ad.-substance sets up a rapid spontaneous 
rhythm: of the muscle units, on account of which the successive volleys 
would find more and more units refractory. 

(2) The accumulating Ad.-substance sets up a contracture of the 
muscle, during which there is a depression of the ability of the units to 
set up impulses. The first explanation would certainly obtain during the 
early phase of a tetanus. The second may be applicable to the later 
phases, particularly of a rapid tetanus. It is to be noted that on neither 
of these explanations is there a breaking down of the analogy between 
the A wave and the spike potential of striated muscles; hence this 
diminution of A waves during a tetanus cannot be used, as Rosenblueth 
et al. [1936] have done, as an argument against the A waves being due to 
all-or-nothing impulses (see the preceding paper). 

Bacq & Monnier [1935] find that with monophasic recording an 
electrical potential change accompanies the mechanical response pro- 
duced by adrenaline or by a series of motor nerve volleys, and they regard 
this potential as being due to a depolarization of the smooth muscle cells. 
Lambert & Rosenblueth [1935] with diphasic leading also recorded 
potentials (their IIIb) having the same time course as the mechanical 
response, but such potentials are so variable that it is difficult to exclude 
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movement artefacts as a possible explanation, though they have at- 
tempted to do so. We, too, have often recorded such potentials (cf. Figs. 7, 
8 and 10), but they have generally disappeared on movement of the 
electrodes to minimize movement artefacts. Thus it is doubtful if such 
potentials are recorded when leading diphasically. Experiments on many 
excitable tissues [Adrian, 1930, 1931; Adrian & Gelfan, 1933; 
Barron & Matthews, 1936; Eccles, 1935a, 6; 1936; Eccles & 
Pritchard, 1937; Erlanger & Blair, 1936; Fessard, 1936] indicate 
that depolarization of cells is conducive to the discharge of impulses, 
hence it seems likely that the repetitive response of the smooth muscle 
units is set up both by adrenaline and Ad.-substance on account of their 
depolarizing action. A similar explanation has recently been offered by 
Cowan [1936] for the rhythmic discharge of impulses which acetyl- 
choline sets up in striated muscle [Brown et al, 1936; Brown, 1936, 
1937]. 

However, it seems likely that contracture is also associated with a 
depolarization, for Cowan finds that the injury potential of an isolated 
prostigmin-treated frog’s sartorius is greatly diminished by application of 
acetylcholine to its pelvic end. Though Cowan regards such experiments 
as suggesting that a repetitive discharge of impulses in muscle fibres is 
set up by acetylcholine by virtue of its depolarizing action, Brown’s 
results [1936] indicate that in Cowan’s experiments the muscle would 
actually be in a state of contracture. Hence these experiments are more 
significant in indicating a relationship between depolarization and 
contracture in striated muscle fibres. The prolonged depolarizations 
suggested by Bacq & Monnier’s experiments may, therefore, form the 
basis not only of the initial rhythmic discharge of impulses by the muscle 
units, but also of the subsequent contracture. Clearly, further work on 
the depolarization is necessary before its relationship either to the 
rhythmic discharge of impulses or to the contracture can be regarded as 
established. It certainly at first seems anomalous that depolarization, 
while initially setting up a rhythmic discharge, later results in a con- 
tracture with depression of this rhythmicity, but parallel examples are 
provided by other excitable tissues. Thus, for example, during the 
passage of a constant current, the excitability of a nerve first increases at 
the cathode and later decreases [Blair & Erlanger, 1936}. 

Presumably the basis of the rhythmic production of impulses by a 
smooth muscle unit is some continuous stimulus (probably provided, as 
we have seen, by a partial depolarization), and the gradual recovery of 
the unit from a depression which follows each impulse [cf. the discussion 
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onthythm by Eccles & Hoff, 1982, 1934]. The longest observed rhythmic 


cycles, 1-5 sec., give an approximate measure of the time for complete 
recovery from this depression, while at intervals shorter than the shortest 
observed rhythmic cycle, 0-3 sec., very little recovery from this depres- 
sion can have occurred. Evidence has been adduced [Eccles, 1936, 
p. 392] to show that, with nerve cells discharging rhythmically, the time 
of each discharge is conditioned by the gradual recovery from a depressed 
excitability which is set up by the previous discharge, and which is 
associated with a positivity of the soma relative to the axon of the nerve 
cell. In this connexion significance may attach to the positive wave 
which follows the discharge of the impulses of the A and B waves. 
Many observations, e.g. Figs. 3, 4 and 5, indicate that this positive wave 
also follows the discharge of impulses at each of the rhythmic waves, and, 
if the positive wave is associated with a depressed excitability, there 
would thus be an explanation of the rhythmic response. Such an explana- 
tion is related to that suggested above for the early rhythmic wave, 
recovery from depression being then accelerated by the increased 
excitability associated with the N wave. However, our knowledge of 
these slow potential changes in smooth muscle and the associated excita- 
bility changes is so inadequate that these explanations can only be 
tentatively suggested. 

An asymmetrical depolarization of the muscle fibres is suggested by 
the relative increase which adrenaline brings about in the positive phase 
of the diphasic A wave (cf. Figs. 17 and 18). Normally during the A wave 
set up by a motor nerve volley, more impulses are travelling in the 
muscle fibres from the attachment of the membrane to its free edge than 
in the reverse direction. When an A wave is set up during an adrenaline 
response, there must still be this preponderance of impulses travelling 
peripherally, for the forward movement of the positive phase of the 
diphasic potential no more than corresponds to the forward movement of 
the preceding negative phase. The diminution of this negative phase 
relative to the positive appears, therefore, to depend on the production of 
an increasingly greater potential by impulses as they run from the 
proximal part of the muscle towards the free border of the membrane, an 
effect which possibly is due to a greater depolarization by the adrenaline 
of the muscle fibres in the more proximal regions of the muscle where the 
nerve endings predominate. 
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SuMMARY 


In addition to the initial complex potential wave, a motor nerve 
volley usually sets up, in the smooth muscle of the nictitating membrane, 
later rhythmic potential waves, each of these waves preceding a corre- 
sponding step in the mechanical contraction. The irregular contour of 
these rhythmic waves indicates that they are compounded of short 
spike-like waves, and a testing motor nerve volley shows that each 
rhythmic wave is followed by a refractory state of the muscle units. 
Hence it is concluded that these rhythmic waves are produced by the 
rhythmic discharge of all-or-nothing impulses in the units of the smooth 
muscle, such impulses being identical with those forming the A and B 
waves of the initial complex. Thus a single motor nerve volley sets up an 
irregular tetanus of the muscle units, the limiting frequencies being on 
the one hand almost as high as 3 beats per sec. and on the other as low 
as 1 beat in every 1-5 sec. 

A small nerve volley usually gives rise to no rhythmic responses, 
such responses being produced either by summing the effect of two such 
volleys, or by increasing the size of a single volley. With two maximal 
nerve volleys, and occasionally with a single volley, the first beat of the 
rhythmic series may occur very soon after the initial complex. It is 
suggested that this may be due to the facilitatory process associated with 
the N wave of the initial complex. 

Injections of adrenaline produce rhythmic responses of the smooth 
muscle units, which in all respects are similar to those described above, 
hence it is concluded that rhythmic responses are produced by motor 
nerve volleys on account of the Ad.-substance which is liberated in the 
muscle. The initial part of the adrenaline contraction appears to be 
largely, if not entirely, produced secondarily to the rhythmic impulses 
in the smooth muscle units, but, following on this contraction phase, 
there is a contracture during which the mechanical response continues 
in the absence of impulses in the muscle units. During this phase it is 
difficult or even impossible to set up impulses either by a further injection 
of adrenaline or by a testing motor nerve volley, this inexcitability of the 
units thus being analogous to the condition described by Brown during 
the acetylcholine contracture of normal frog’s or denervated mammalian 
muscles. Single or double motor nerve volleys set up very little if any 
of this contracture response, possibly because the concentration of the 
liberated Ad,-substance is too small. It is suggested that small concentra- 
tions of adrenaline or Ad.-substance partly depolarize the smooth muscle 
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fibres, and hence render them spontaneously rhythmic, while the further 
depolarization produced by larger concentrations rapidly results in the 
contracture and an inability of the muscle fibres to conduct all-or-nothing 
impulses. 

There is a considerable tendency to synchronization of the rhythmic 
responses which either Ad.-substance or adrenaline set up in the individual 
smooth muscle units. It is suggested that this is due to the exciting 
action which the action current in any one unit produces on adjacent 
units. 
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INEFFECTIVENESS IN BIRDS OF ANTISERA 
FOR MAMMALIAN GONADOTROPIC AND 
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Ir is now well established that the prolonged administration of thyro- 
tropic and gonadotropic pituitary extracts to animals of another species 
may lead: to the serum of the recipient acquiring the power to neutralize 
the effect of such extracts in test anir ls. In certain cases the antiserum 
will inhibit the physiological effect of an animal’s own pituitary, pre- 
sumably by neutralizing or inactivating the hormones as naturally 
secreted by it. Thus the serum of rabbits hyperimmunized with the 
gonadotropic substances of ox pituitary will, if injected into a normal 
rabbit immediately after mating, prevent the ovulation which would 
normally follow in 10-12 hours [Parkes & Rowlands, 1936]. If 
injected into the adult male rat over a period of 14 days, such a serum 
will cause atrophy of the testes closely similar to that found after hypo- 
physectomy, and atrophy of the seminal vesicles and prostate similar to 
that found after castration [Rowlands, 1937]. 

The most simple explanation of these results is that in the extract 
. from the pituitary body of a different species, as used for the injections, 
the gonadotropic substance or grouping, acting as a haptene, is in associa- 
tion with heterologous proteins having antigenic properties, and that the 
evocation of antigonadotropic or antithyrotropic activity is a true im- 
munization phenomenon caused by the appearance in the blood of 
specific antibodies. If that were so, the essential hormone as secreted 
from the animal’s own pituitary, as a specific haptene, either free or 
associated only with homologous protein, might yet be neutralized by the 
antiserum, though having no true antigenic properties for its own species. 
On such a supposition an animal would presumably not be immunized 
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by injection even of an artificial extract from the pituitary bodies of its 
species [see Thompson, 1937]. Another explanation of “antihormone” 
phenomena, based on Abderhalden’s protective enzyme theory, has 
been put forward by Sulman [1937], but it is founded, at least in part, 
on results which are contrary to our experience. 3 

In considering the production of antisera to hormone preparations the 
question of species specificity is important. The experiments referred to 
above show that antiserum produced by injections of gonadotropic 
substance of ox pituitary is capable of neutralizing the gonadotropic 
hormones of the rat and rabbit, as naturally secreted. It will also neutral- 
ize the activity of gonadotropic extracts of sheep [Parkes & Rowlands, 
1936] and of horse and human pituitary [Rowlands, 1937], as well as 
those of ox pituitary, so that there must be a wide measure of immuno- 
logical overlap between the haptene groups of the gonadotropic hormones 
from the pituitary bodies of different mammalian species, even if they 
are not identical. 

It is of obvious interest to know if this overlap extends to the gonado- 
tropic or thyrotropic substances of birds. The domestic fowl offers un- 
rivalled facilities for the study of hypopituitarism, since in both sexes 
hypogonadism or hypothyroidism causes characteristic changes to 
plumage or head furnishings. Castration of the male causes no significant 
plumage changes in breeds in which the cock has the usual display 
plumage, but the comb and wattles atrophy. In the hen, removal of the 
ovary causes the appearance of male type plumage, which can again be 
reversed to female by the injection of estrone. It may thus be said that 
female plumage is produced by transformation of the asexual type 
plumage by the action of the ovary, whereas the male type plumage is an 
unchanged neutral type. In certain breeds, notably the Sebright Bantam 
and the Campine, the male plumage is sufficiently sensitive to cestrogens 
to respond to the slight cestrogenic activity of the testes, and as a result 
the cock becomes hen-feathered. Castration of such a cock leads to 
- assumption of the display plumage associated with the normal male in 
most breeds, as well as to atrophy of the comb and wattles. Removal of 
the thyroid leads to morphological changes in the feathers—usually 
elongation and deep fringing—and to colour changes in many breeds. The 
latter are particularly well shown in Brown Leghorns, in which breed 
thyroidectomy changes the solid black breast feathers of the male to 
fringed brown ones. Hypophysectomy causes atrophy of gonads and 
thyroids and, as a result, changes characteristic of both gonadectomy and 
thyroidectomy appear simultaneously in the secondary sexual characters 
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[Hill & Parkes, 1934]. The neutralization of the fowl’s own pituitary 
secretions by the injection of antisera would thus be readily observable 
by external changes. | 


PREPARATION AND POTENCY OF THE ANTISERA 


Four types of antisera were used, produced by the prolonged in- 
jection into rabbits of (a) ox pituitary extract, (6) horse pituitary extract, 
(c) extract of human uriné of pregnancy (Pregnyl), and (d) extract of 
pregnant mare serum (Antex Leo). 

The ox pituitary extracts were made by alcohol precipitation of a 
50 p.c. pyridine extract of acetone-desiccated anterior lobe. About 1 mg. 
of the dried precipitate would induce ovulation in 50 p.c. of cestrous 
rabbits, while 3 mg. daily for 5 days would double the weight of the 
thyroids of the immature guinea-pig. 

The horse pituitary extract was made in the same way. 0-5 mg. of 
this would cause ovulation, and 5 daily doses of 1 mg. would cause the 
ovaries of the immature rat to increase from 10 to 70 mg. The thyro- 
tropic activity of the horse-pituitary extract was negligible. 

The urine of pregnancy extract used was Organon’s “ Pregnyl”’, while 
the extract of pregnant mare serum was Lovens’s Antex Leo. 250y of 
the former and 2-5 mg. of the latter produced ovaries of 35 and 30 mg. 
respectively in the immature rat. 

The serum from rabbits immunized to ox pituitary was found to 
inhibit ovulation in the mated rabbit in a dose of 5.c. and to cause 
testicular atrophy in adult male rats in a dose of 3 c.c. daily, while 1 c.c. 
was found to inhibit the gonadotropic and thyrotropic activity of 4 mg. 
of the extract used for immunization. The anti-“Pregnyl” serum in a 
dose of 0-25 ¢.c. inhibited the gonadotropic action of an amount of an 
extract from human urine of pregnancy which given alone would 
normally produce 40 mg. ovaries in the immature rat. The serum from 
the rabbit immunized with horse-pituitary extract, injected in a dose of 
0-5 c.c. to the immature rat, was capable of inhibiting the effect of 5 mg. of 
the extract used for immunization. The serum from the rabbit immunized 
to gonadotropic extract from pregnant mare serum inhibited 2-5 mg. of 
the extract in a dose of 0-5 c.c. é 


EXPERIMENTAL RESULTS 
Rabbit antiserum for the gonadotropic and thyrotropic substances of 
ox pituitary was injected into three Leghorn capons, a Brown Leghorn 
hen and a Sebright Bantam cock. Doses as large as 20 c.c. daily failed to 
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‘ produce any effect on comb or plumage. Subsequently, sera from rabbits 


immunized to gonadotropic extracts of (a) pregnant mare serum, (b) horse 
pituitary and (c) human urine of pregnancy, were injected daily into 
Brown Leghorn pullets and also into Sebright Bantam cockerels, for 
periods varying between 11 and 41 days. No effect on comb or plumage 
was produced, and it was not possible to suppose that there had been any 
disturbance of the gonadotropic or thyrotropic functions of the pitui- 
taries of these birds. 
SuMMARY 


Attempts have been made to confer upon fowls a passive immunity 
against their own pituitary hormones, by the same methods which pro- 
duced rich passive immunity in rabbits [Parkes & Rowlands, 1936] 
and rats [Rowlands, 1937]. 

Negative results were obtained from the injection of rabbit sera known 
to be capable of neutralizing thyrotropic and gonadotropic ox pituitary 
extracts, and gonadotropic extracts of horse pituitary, pregnant mare 
serum or human urine of pregnancy. 

_ It must be concluded, therefore, that antisera to mammalian thyro- 
tropic or gonadotropic substances are ineffective against avian pituitary 
substances, and that there is a class specificity, if not a species specificity, 
in the immunological (haptene) character of the pituitary hormones. 


Our best thanks are due to Sir Henry Dale, and Sir Patrick Laidlaw, for their 
helpful interest in the work. 
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MEASUREMENT OF THE CARDIAC OUTPUT IN MAN 


By A. M. COOKE ann J. G. PRIESTLEY 
From the Physiological Department, Ozford University 
(Received 16 April 1937) 


‘CHuRisTIANsEN et al. [1914] described a method for determining the 
gas contents and gas pressures of the mixed venous blood entering the 
lungs and deduced the rate of blood flow through the lungs. They found 
this to be about 5 1. per min. in three individuals and about 7-7 |. in a 
fourth. Douglas & Haldane [1922] repeated these measurements in 
greater detail on several adult men under conditions which varied from 
complete rest, fasting, to hard muscular work, They found that under 
basal conditions the cardiac output varied from 5 to 8 1. per min. in dif- 
ferent individuals and rose to 24 |. per min. during hard work. 
_ ‘These results were considerably higher than those obtained previously 
by Krogh & Lindhard [1912] by means of their nitrous oxide method, 
and Douglas & Haldane criticized this method on the grounds (1) that 
the correction applied for the increase of oxygen consumption caused by 
the deep breathing during the experimental period was large and very 
variable, and (2) that the rate of blood flow through the lungs might be 
diminished appreciably during the period of measurement while the 
breath was held. 

‘ Modifications of the foreign gas method have been used extensively, 


and the suitability of such gases as ethyl iodide, ethylene and-acetylene | 


has been investigated. The most successful of these methods has proved 
to be the acetylene method of Grollman [1929, 1932], which has been 
generally adopted. The results obtained by this method are very constant 
for a given individual under basal conditions, and have been found by 
Christensen [1931] to agree well with those given by the nitrous oxide 
method. They tend, however, in general, to be lower than those of 
Douglas & Haldane. 

Several observers have used various modifications of the CO, method 
of Douglas & Haldane, but have not been able to show that they have 
achieved greater reliability. 
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Most of the work on the cardiac output in recent years has been done 


by Grollman’s acetylene method, but no investigation of the cause of 


the discrepancy between the results given by this method and by the CO, 
method of Douglas & Haldane has yet been carried out. There does 
not seem to be any theoretical reason why the CO, method should be 
inaccurate and some variation in the results of measurements of the 
cardiac output in different individuals and at different times is to be 
expected, as was pointed out by Grollman. We therefore decided to 
compare the C,H, and CO, methods by making measurements by both on 
the same subjects and as nearly as possible simultaneously. 

Before doing this, however, we investigated, so far as we could, the 
possibility of acetylene having any toxic action on the heart. A rabbit’s 
heart was perfused alternately with Ringer’s solution saturated with 
oxygen or acetylene (20 p.c.) and oxygen. The rate and amplitude of the 
beats were quite unaffected by change from one solution to the other. 

Our work was begun in 1934, and while it was in progress several 
papers were published by Gladstone [1935 a, b] in which he criticized 
the acetylene method on the ground that the experimental period is so 
long that venous blood carrying C,H, returns to the lungs before the 
second sample is taken. If this did happen it must have a considerable 
effect on the calculation of the arterio-venous oxygen difference by 
Grollman’s formula since it would increase a factor in the numerator 
and decrease the denominator. The net result would therefore be a con- 
siderable increase in the a.v. difference calculated and consequently a 
decrease in the figure found for the cardiac output. Moreover, the quicker 
the actual circulation rate the greater would be the effect of this source of 
error. If, therefore, Gladstone’s criticism is valid, one would expect 
results obtained by Grollman’s method to be low and to tend towards 
constancy. Grollman had previously considered this cause of error and 
had come to the conclusion that it was relatively unimportant because, 
even if the experimental time were long enough to allow of return of 
venous blood carrying acetylene to the lungs, but little C,H, would 
actually be brought back owing to its free diffusion from the blood into 


the tissues. 
EXPERIMENTAL METHODS 


Our observations were made mainly on four subjects, J. G. P., 
A. M.C., F.C. C. and C.G. D. Of these the first was not very suitable 
since he is known to have some pulmonary fibrosis and a low vital 
capacity. The last was one of those whose cardiac output was measured 


by Douglas & Haldane. 
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‘The subject, fasting since the night before, unless otherwise stated, 
sat in a deck chair in a semi-reclining position. Some difficulty Was ex- 
perienced at first in so arranging the bag, mouthpiece and sampling tubes 
that the subject could breathe perfectly freely and carry out the experi- 
mental procedure without disturbance. This difficulty in arranging the 
apparatus was increased by the fact that it was found to be essential that 
the dead space of the mouthpiece and its connexions should be as small 
as possible. However, by mounting the sampling tubes on a stand so that 
they could be inclined, this trouble was overcome. seo 

The subject remained at rest for at least 20 min. before beginning an 
experiment. His metabolism was then measured by means of a Douglas 
bag in the ordinary way and triple samples of normal alveolar air were 
taken. After a further 5 min. rest the a.v. oxygen difference and the 
venous CO, pressure were determined alternately by Grollman’s and 
Douglas & Haldane’s methods respectively, a period of rest of from 
5 to 10 min. being allowed after every period of deep breathing. Four 
bags containing different percentages of CO, were used for the Douglas 
& Haldane method and various percentages of acetylene, with and 
without added oxygen, were used for the Grollman method. The total 
time taken by the experimental procedure was noted and in some ex- 
periments the details of the number of breaths, total volume of the gas 
mixture in the bag, etc. were varied in the Grollman method. In conse- 
quence of the results of these variations the standard procedure finally 
adopted was as follows: Six mixing breaths were taken before the first 
sample, the bag being completely emptied each time and expiration being 
as deep as possible without strain. The breaths were timed to be com- 
pleted in 10-15 sec. After the first sample was taken five similar respira- 
tions were made in 8-10 sec. and the second sample was taken. The total 
time which elapsed between the beginning of the breathing of the 
acetylene and the taking of the second sample was about 20 sec. Usually 
three Grollman determinations were made alternating with two by the 
Douglas & Haldane method and finally the metabolism and alveolar 
CO, were measured again. The pulse rate was taken repeatedly through- 
out the experiment. Later some measurements of the a.v. oxygen dif- 
ference were made by Gladstone’s method. 

Since the validity of the results obtained by Grollman’s method 
depends upon adequate mixing of the inspired gas mixture with the 
residual air in the lungs, and since the rebreathing procedure needs longer 
time and more breaths to effect this than are required in Douglas & 
Haldane’s method, we combined the two methods with the objects of 
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(1) reducing the time taken by the Grollman method to that needed for 
the Douglas & Haldane method, and (2) getting simultaneous and not 
alternate measurements by the two methods. With these objects we made 
up four gas mixtures containing increasing percentages of CO, and adequate 
proportions of C,H, and oxygen to make it possible to colelate the cardiac 
output by Grollman’s formula. The subject emptied his lungs as com- 
pletely as possible, inspired maximally from the bag and expired to the 
outside air. He repeated this twice and then held his breath for 2 sec., 
expired 2 1. into a spirometer, held his breath for 5 sec. and finally expired 
maximally. Alveolar samples were taken after each of the two final ex- 
pirations. From the eight samples thus obtained we calculated the a.v. 
CO, difference as in Douglas & Haldane’s method and the a.v. 0, 
difference by Grollman’s formula. The whole procedure took only about 
half the time required for the standard Grollman method, but owing 
to the avoidance of rebreathing, the mixing of the gases in the lungs 
should have been just as efficient. 


RESULTS 


In some of the earlier determinations on J. G. P. by the venous CO, 
method rather low values were obtained for the arterial CO, and conse- 
quently a high a.v. difference and low cardiac output were found. Deter- 
minations of the alveolar CO, were therefore made on this subject (a) 
while reclining in the deck chair, (b) when sitting up. It is clear from the 
figures in Table I that this subject had difficulty in giving adequate 
alveolar samples when reclining and consequently we discontinued making 
observations on him. 


I 
Alveolar CO,, mm. Hg 


39-5 
770 38-8 40-2 


Table II gives results which were obtained when the cardiac output 
was measured alternately by the venous CO, method and the procedure 
finally adopted for the Grollman method. 

The figures indicate that both the acetylene method and the venous 
CO, method give substantially the same results in the case of three of the 
subjects. The observations on C. G. D., however, showed a wide diverg- 
ence between the results of the two methods. Seven measurements by 
the acetylene method gave cardiac outputs which varied between 3-0 
and 37 1. as min., average 3-3, and therefore approximating to some of 


4 
| Barometer, mm. Hg Reclining Sitting up 7 


7 


Ulg+ "008g 
‘008g UIg+ "008 UIg 
‘008 G "008g 


"0086 UlG+ "008 Ug 
"008 ul (9+ 9) 


"008 G UE + 


"008 OT UG + "008 OT 


"008 OT G+ “008 OT 
‘008 G UID 


‘008 UIE + OT UID 
UE + ‘008 UO 


‘008g UIE+ 008g 
"008 L WIE+"008G 
40N 
40N 


pus 
JO “ON 


a 88 


nN 


a AR 
— 


11% 


3 j j a 

Z 

4 

28 22 8 § 

£ 2 £8 = 
© 

2 

Ds < fx, 


CARDIAC OUTPUT IN MAN 109 


the circulation rates found by Grollman. The venous OO, method, how- 
ever, gave 5-5, 6-1 and 6-4 |. in these three experiments. Douglas & 
Haldane found that the cardiac output of this subject in 1922 was 
7-5 1. per min. under conditions similar to those of our experiments. 

We made a few experiments on A. M. C., using Gladstone’s method, 
and also modifications of it in which we varied the number of breaths 
and the total time. For instance, using a mixture of 440c.c. CO,, 


.960 c.c. C,H, and 6600 c.c. air in the front bag and 250 c.c. CO,, 2500 o.c. 


C,H, , and 750 c.c. O, and 6500 c.c. air in the side bag, the results were as 
follows: 
ABLE 
‘sh 
2 breaths between total 
8 ” ” 20-2 ,, 66-3 | 


These figures show that there is a definite rise in the a.v. O, difference 
calculated, and therefore a fall in the cardiac output when the total ex- 
perimental time approaches that of the standard Grollman method. 

Table IV gives the results obtained when we added C,H, to the 
mixtures in the bags used for the venous CO, method and calculated the 
cardiac output from both the oxygen difference as found by Grollman’s 
formula and the CO, difference calculated in the ordinary way. 


Tasiz IV 


The discrepancy between the cardiac output as calculated from the 


acetylene figures and from the venous CO, figures remains much the same 
in the case of C. G. D., while as would be expected there is close agree- 


ment for the other two subjects. 


Venous CO, method 
C,H, method r A 
A ~ Metabolism Arterial CO, Venous CO, 
a.v.0, Output c.c. per min. «Vv. CO, Output 
ving mm volpc. mm. volpc. diff 
Date Subject c.c. perl CO, Hg. Hg. cc, perl, 
14. ix.35 A.M.C. 1749 2-8 211 162 48 S56 63 47 3-4 
24. v. 35 OC. 4-4 
389 513 48 540 27 70 
4-75 237 S513 @7 &46 33 57 
53-2 45 
F.C.C. 126 2-9 
2-9 20 #173 55 559 52 3-5 
14, vi. 35 67:3 3-3 224 180 420 S52 552 G04 52 3-5 
67-7 >) 235 187 45 54 555 606 52 3-6 
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Discussion 


The output of the heart per minute must be a definite quantity though 
variable and subject to physiological control. “Circulation rate” on the 
other hand is an expression which has no definite meaning. Any given 
corpuscle may at one time traverse an extremely short course before re- 
turning to the heart, at another a much longer course. It is clear there- 
fore that the mixed venous blood returning to the heart must be com- 
posed of many fractions which have traversed courses of very variable 
length and taking very variable times. It is quite evident that no measure- 
ment of the “circulation rate” by a foreign gas method can be expected 
to give'a wholly accurate measure of the output of the heart since the 
necessary experimental procedure takes a time which at the best must be 
expected to exceed the circulation time of some of the blood returning to 
the heart. We have no accurate knowledge of the minimum time which 
elapses between the moments when a corpuscle leaves and returns to the 
heart, but there are observations which show that it is certain that this 
period must frequently be less than the least time in which a measure- 
ment of the heart output can be carried out. For instance Blumgart & 
Weiss [1927] found that Radium C injected into an arm vein in normal 
subjects under basal conditions was detected in the opposite brachial 
artery in about 18 sec. One must conclude therefore that, after breath- 
ing acetylene, some of this gas: must be brought back to the lungs within 
an even shorter time, It follows that any method of measuring the output 
of the heart by observation of the amount of a foreign gas absorbed by 
the blood. passing through the lungs in a given time must give results 
which are less than the true figures. In his discussion of the principles of 
his acetylene method Grollman recognizes this source of error, but con- 
cludes that there are reasons for thinking that it is of no great im- 
portance. The fact remains, however, that it does exist, and the observa- 
_ tions of Gladstone and ourselves indicate that it is not negligible. 

There is also another source of error which must be considered. The 
validity of the acetylene method depends upon the completeness with 
which mixing of the inspired gas mixture with the residual air in the lungs 


is brought about, Much work has been done on this point, e.g. by 


Lundsgaard & Shierbeck [1923] and by Gladstone [1935 a], and it 
has been shown that the experiment can be so carried out that complete 


mixing is achieved, This, however, entails the taking of a minimum of 


deep and rapid breaths. Two consequences ensue: (1) the experimental 
time as shown above must be so long that some acetylene must return to 
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the lungs, and (2) the abnormally violent respiratory movements must 
accelerate the circulation to an unknown but probably considerable de- 
gree and may also bring about temporarily a change in the volume of 
blood in the lungs. In their original paper Krogh & Lindhard [1912] 
introducted a correction for this error, but as stated above the validity 
of this correction was criticized by Douglas & Haldane. Subsequently 
Lindhard [1925] managed to avoid the introduction of an overt cor- 
rection, but even so it remained implicit in the formula used. Grollman 
thought that the necessity for this correction was avoided in his method 
by calculating the a.v. oxygen difference. He assumed that his experi- 
ment was completed before there was time for any blood affected by the 
increased circulation rate, which was undoubtedly brought about by the 
deep and rapid breathing, to return to the lungs. Hence he concluded 
that the a.v. oxygen difference he found was the true difference which 
existed with normal breathing. This assumption cannot, as pointed out 
by Gladstone, be sustained, and it is impossible to determine the net 
effect on the cardiac output of the influence of the deep breathing on both 
the a.v. acetylene and oxygen differences. } 
The venous CO, method is also subject to error due to the return of 
blood abnormally highly charged with CO, before the second sample of 
alveolar air can be taken. This must raise the venous CO, content and in- 
crease the a.v. difference found, thus causing the calculated value of the 
heart output to be below the true resting figure, but this effect is less than 
in the foreign gas method owing to the shorter time taken by the experi- 


mental procedure. 
In this method, too, the arterial blood carries an abnormally large 


’ charge of CO,, and, in view of the observations of Henderson & 


Harvey [1918], this might be expected to quicken the circulation. — 
Douglas & Haldane, however, tested this possibility and came to the 
conclusion that there was no evidence that their method was subject to 
error from this cause. It must be said, however, that the observations on 
which this conclusion was founded were made on only one individual, 
who was not one of those on whom we have experimented. 

On the whole it seems to be likely that the results obtained on all our 
subjects except C. G. D. agree with expectation, viz. that the venous CO, 
results indicate a slightly greater output than the acetylene results and 
that the difference decreases as the experimental time of the acetylene 
method is brought down nearer to that of the venous CO, method. 

There remains, however, a considerable discrepancy in the case of 
C. G@. D., even when the two methods are combined. In this case the 
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R.Q. calculated from the a.v. oxygen and OO, differences is quite ab- 
normal. Careful clinical examination, skiagrams and electrocardiograms 
revealed no cardiac abnormality, and the only explanation of the dis- 
crepancy which we can suggest is that the deep breathing of the experi- 
mental procedure, coupled possibly with the abnormally high CO, charge 
of the arterial blood, upsets the normal proportions of venous blood re- 
turning from different regions of the body. If either or both of these in- 
fluences increase the amount of blood returning from those parts of the 
body where the metabolism is relatively low, the a.v. CO, difference 
calculated from the CO, content of the mixed venous blood would be 
abnormally low and thus the calculated heart output correspondingly 
high. Further it may be that CO, exerts a greater effect on the circulation 
rate in the case of C. G. D. than it does in other subjects. In C. G. D. 
we found the a.v. oxygen difference to be on the average 66-7 when no 
added CO, was breathed and 53-6 when CO, was added to the acetylene 
mixture. 
SuMMARY 

1. The acetylene and venous CO, methods of measuring the output of 
the heart were compared on the same subjects. 

2. Both are liable to error owing to return of blood to the heart before 
the experiment is completed. 

3. This error is slightly greater with the acetylene method. 

4. The methods can be combined and in this case there is closer 

t. 

5. Even with the combined method one subject gave a much higher 
output as calculated from the venous CO, than as calculated from the 
acetylene procedure. 

6. It is suggested that this discrepancy may be explained by indi- 
vidual variations in the CO, content of the mixed venous blood caused by 
the deep breathing and possibly to the effect of CO, on the circulation. 
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THE SECRETORY RESPONSE OF THE POSTERIOR 
PITUITARY TO THE NEED FOR 
WATER CONSERVATION?! 


By ALFRED GILMAN anv LOUIS GOODMAN 


From the Department of Pharmacology and Toxicology, 
Yale Unwwersity School of Medicine, New Haven, Connecticut 


(Received 19 February 1937) 


Tue physiological role of the posterior pituitary body is still obscure. 
The most important properties shown by extracts of the gland are their 
pressor, antidiuretic and oxytocic activities. These activities have been 
referred each to a separate principle, and despite the paucity of evidence 
as to their function in the normal physiology of the organism and their 
presence in body fluids, these principles have been designated as hor- 
mones, Such a designation seems unwarranted with respect to the 
pressor and oxytocic principles. After removal of the posterior pituitary, 
pregnancy and parturition proceed normally (Smith, 1932; Allan & 
Wiles, 1932]. Ivy et al. [1931] have claimed that there is no similarity 
between the normal contractions of the uterus at term and those produced 
by the injection of pituitary principle. Krogh [1926] has designated the 
pressor component of the pituitary as the hormone of capillary tone. 
However, no marked circulatory disturbances follow removal of the 
posterior pituitary. Although extracts of the gland are pressor in 
anesthetized animals, species differ in their responses. What is more, in 
unanesthetized dogs and humans, pituitary extract is not pressor 
(Schmidt, 1917; Kolls & Geiling, 1924; Gruber, 1929; Grollman & 
Geiling, 1932; Moffat, 1933). 3 

Search for the above principles in body fluids has led to a mass of 
conflicting evidence. From anatomical considerations it has been sug- 
gested that the posterior pituitary gland secretes into the cerebrospinal 
fluid [Cushing & Goetsch, 1910; Cushing, 1933]. Claims that the 

1 This investigation was supported by a grant from the Committee on Scientific 
Research of the American Medical Association. é 
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oxytocic principle is present in this fluid [Dixon, 1923; Dixon & 
Marshall, 1924; Trendelenburg, 1924] have met with vigorous 
denials [Van Dyke et al. 1929; Friedman & Friedman, 1933; 
Simon, 1933]. 

The classification of the antidiuretic principle of the posterior 
pituitary as a hormone is, however, based on more convincing evidence. 
The selective removal of the posterior hypophysis results in a polyuria 
due to the inability of the renal tubule to concentrate the filtrate from 
the glomerulus. This condition can be corrected by the administration of 
pituitary extract. What is more, diuresis can be prevented in hydrated 
animals by the administration of this extract in minute amounts 
(Theobald, 1934; Stehle, 1934; Samaan, 1935]. Final proof of the 
hormonal nature of this principle would depend upon its identification in 
body fluids under conditions where its physiological necessity to the 
organism is obvious. 

The search for the antidiuretic hormone in body fluids has for the 
most part been limited to abnormal rather than normal physiological 
sources. Anselmino & Hoffman [1931] consider the symptoms of 
eclampsia to be the result of increased pituitary activity and claim to 
have demonstrated the presence of large amounts of antidiuretic hormone 
in the blood of eclamptic patients. This assertion has been contradicted, 
notably by Theobald [1934] and Levitt [1936]. There has been no 
positive proof of the presence of the antidiuretic principle in the circula- 
tion of the normal organism. 

If the kidney is under the hormonal control of the pituitary gland 
with respect to tubular activity in the reabsorption of fluid, then the 
relationship between gland and end-organ must be an exceedingly labile 
one to account for the accuracy with which the degree of body hydration 
is maintained. For such a labile system, two requirements are necessary : 
(1) the degree of hypophyseal activity must be readily adjusted to the 
body requirements for renal water reabsorption, and (2) the hormone 
must be easily inhibited or destroyed to allow immediate diuresis when 
the need for water excretion arises. That pituitrin, even when injected in 
large dosage, can be readily inactivated by the organism has been 
demonstrated by Heller & Urban [1935] and Jones & Schlapp [1936]. 
Moreover, the extreme sensitivity of the kidney to minute amounts of 
antidiuretic preparations has recently been stressed [Theobald, 1934; 
Stehle, 1934; Samaan, 1935]. Thus it would seem that the body is 
capable of rapidly destroying the small amounts of antidiuretic principle 
necessary to activate the tubules. Klisiecki et al. [1933] have studied 
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the time relationship between tissue hydration and diuresis. In their 
logical theory as to the mechanism of water diuresis, they attribute the 
15 min. interval between maximum tissue hydration and maximum rate 
of renal excretion after the administration of water to the falling con- 
centration of the antidiuretic principle in blood and kidney following the 
suppression of pituitary secretion. 

Proof of the first of the above postulates, namely, that the degree of 
hypophyseal activity is readily adjusted to the body requirements for 
renal water reabsorption, depends upon the demonstration of the anti- 
diuretic principle in some body fluid, and of its secretion being initiated 
or influenced by the necessity for renal water conservation. 

Logically the body fluid which should be examined for the presence of 
an antidiuretic hormone is the blood, but it must be remembered that 
extremely low concentrations are physiologically effective, and that such 
minute amounts are readily inactivated. Both Heller & Urban [1935] 
and Jones & Schlapp [1936] observed, however, that injected pituitrin 
was excreted in the urine. The latter investigators have shown that 
pituitary extract is stable in urine. Heller & Urban failed to detect 
pituitrin in normal rat urine. If the pituitary gland regulates the activity 
of the renal tubule, however, the necessity for renal water conservation 
will be a stimulus for its increased secretion. This suggests that in a 
dehydrated animal the level of antidiuretic principle in the blood may 
reach a concentration sufficiently high to allow it to be excreted in the 
urine, a relatively stable environment, where amounts adequate for 


‘ positive identification may, therefore, collect. 


EXPERIMENTAL 


Although several species of animals have been investigated, this 
report will deal exclusively with observations on rats. This species has 
been found to be most convenicat for study. The animals were kept in 
metabolism cages which allowed for the quantitative collection of urine. 
Dehydration was accomplished either by the oral administration of 
hypertonic saline, or by withholding water over varying periods up to 
96 hours. Urine was collected in vessels containing sufficient 1 p.c. 
acetic acid to make the total sample weakly acid. All type of experiments 
were controlled by animals adequately hydrated. 

Preparation of urines. For the detection of the small quantities of 
hormone which were likely to be excreted it was necessary to prepare 
concentrates of the urine. A simple reduction in volume of the urine as 
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excreted, however, would result in a high concentration of salts and urea. 
This would obviously make the resultant preparation unsuitable for 
bioassay inasmuch as the high osmotic pressure of the injected material 
would promote a diuresis which cannot be inhibited by pituitrin. Kamm 
[1928] and Smith & McOlosky [1924] report rapid dialysis of the 
posterior pituitary principles through collodion membranes. We have 
found, however, that a-complete and rapid separation between the anti- 
diuretic principle and salts and urea could be effected by dialysis through 
a cellophane membrane of a wall thickness 0-00072 in. By the use of such 
a membrane it has been found possible, by dialysing against running tap 
water, to render concentrated urine samples salt free within 3 hours 
without any appreciable loss in antidiuretic activity. The relative im- 
permeability of these membranes to the antidiuretic substance has been 
repeatedly confirmed by the separation of known amounts of pituitrin 
from hypertonic salt solutions. The dialysing sacks are discarded after 
having been used once. 

The procedure finally adopted for the preparation of urine concen- 
trates was as follows: The urine was collected in vessels containing suffi- 
cient acetic acid to make the final sample weakly acid. Care was taken to 
keep the urine free from feces inasmuch as contamination resulted in an 
apparent loss in activity. The final urine samples were filtered and dialysed 
against running tap water until chloride free. The urine was again made 
weakly acid with acetic acid and concentrated under reduced pressure to 
a small volume. The final volume was then adjusted to that desired for 
the bioassay. Known solutions of pituitrin, when treated in this manner, 
showed no loss in antidiuretic activity. 

Bioassay. The rat method of Burn [1931] was used to determine 
antidiuretic activity. This method is based upon the rate of renal 
excretion of water in rats that have been orally hydrated to the extent of 
5 p.c. of their body weight. The animals, in groups of four, were stan- 
dardized for their response to the above dose of water by mouth, plus a 
subcutaneous injection of water in the dose of 1 c.c. per 100g. body 
weight. The total volume of all products to be assayed was so adjusted as 
to allow for the injection of 1 c.c. per 100 g. body weight. All injections 
were made at the time the fluid was given. After the administration of 
the water, the excretory curves were followed at 15 min. intervals. The 
period between the administration of the fluid and the excretion of 50 p.c. 
of the total amount administered was the measure of the antidiuretic 
activity of the substance under test. Burn advocates the time of maxi- 
mum excretion rate as the end-point. By taking the end-point described 
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' above, however, one can terminate the experiment immediately after 
50 p.c. excretion has occurred. This is of practical importance when 
measuring fluids of marked antidiuretic activity. 

In order to obtain as constant a response as possible from the animals 
given water alone, certain precautions were found to be essential. The 
diet was kept constant. The bioassay was performed at the same hour 
each day, and after 8 hours’ starvation. To assure an even degree of body 
hydration, the animals received by mouth, 3 hours before the assay, a 
preliminary dose of water amounting to 2} p.c. of their body weight. 
Klisiecki et al. [1933] have pointed out that the diuretic response to a 
second successive administration of water is always more constant than 
the first, due to the fact that animals, even when given free access to 
water, do not always maintain an even degree of hydration. 

Groups were restandardized at frequent intervals. All estimates of 
antidiuretic activity were based upon the previous performance of the 
group in which the test substance was injected and on the excretion time 
of the other control groups run on the same day as the test animals. 
Despite all efforts to maintain constant conditions, there was some varia- 
tion in the normal excretion times. In 74 experiments on 27 groups of 
rats, the average period between the administration of the fluid and the 
end-point was 117 min. In only five instances was the end-point over 
137 min. Groups showing such atypical behaviour were discarded. 
Despite the variations in standard performance, the response to pituitrin 
was so striking as to make its identification unquestionable. From the 
average of 16 experiments the following excretion times for varying 
known concentrations of pituitrin were obtained: 5 milli-units, 150 min. ; 
10 milli-units, 175 min. ; 20 milli-units, 200 min. ; 40 milli-units, 225 min. ; 
80 milli-units, 250 min. The concentrations of known pituitrin are 
expressed as milli-units of pressor activity. The standard used was Parke- 
Davis pituitrin, lot CE 1138-D containing 20 pressor units per c.c. 

. Dehydration experiments. The simple dehydration experiments were 
performed in groups of four rats. Urine was collected over periods of 
72 hours. During this time the animals had no access to either water or . 
food. Urine from control groups, allowed water ad libitum, was collected 
at the same time. The urine samples of each group of four animals were 
adjusted to a volume of 10c.c. To allow for more accurate bioassay, 
samples from several groups were pooled and assayed collectively. The 
antidiuretic potency of the urine from a total of 96 experimental animals 
has been studied in this manner. The result of a typical experiment is 
depicted in Fig. 1. With the exception of the control urine from hydrated 
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Mig. 1. Antidiuretic response to the urine of dehydrated rats compared with the responses 
to the urine of hydrated rats and known amounts of pituitrin. 
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Fig. 2. The excretion of the antidiuretic principle in the urine over successive 24-hour 
dehydration periods. 
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rats, all of the excretion curves represent observations on the same assay 
group. The marked antidiuretic potency of the urine from dehydrated 
rats as compared with hydrated controls is at once obvious. In the ex- 
periment depicted in the figure, the urine contained approximately 100 
milli-units per c.c. This represents a total excretion of 1 unit of anti- 
diuretic substance from four rats over a period of 72 hours. 

In other experiments the collection was divided into 24-hour periods. 
Pooled daily urine samples from 12 dehydrated rats were adjusted to a 
volume of 20c.c. The antidiuretic activity of the urine from these 
animals over successive daily dehydration periods is represented in Fig. 2. 
Marked antidiuretic activity of the urine is evident after only 24 hours of 
dehydration. Maximal activity is observed after 48 hours and further 
dehydration does not increase pituitary activity as evidenced by excre- 
tion of antidiuretic substance. 

NaCl dehydration, The rapidity with which the pituitary will respond 
to a dehydration stimulus is illustrated by procedures in which hyper- 
tonic saline per os was used as the dehydrating agent. Groups of 8-12 rats 
were given by stomach tube 5 p.c. NaCl in a dose of 5 c.c. per 100 g. 
body weight. Urine was collected over the following 6 hours, dialysed, and 
adjusted to a volume of 10 c.c. Care was taken to prevent contamination 
of the urine with faeces inasmuch as the hypertonic salt frequently caused 
a diarrhcea. It was often necessary to discard the urine collected during 
the first hour. The administration of the hypertonic salt resulted in a 
copious diuresis. Despite the large excretion volume the kidneys were 
doing a maximal amount of osmotic work as indicated by the high salt 
content of the urine. The theory that this renal activity is the result of 
and is dependent upon the secretion of the posterior pituitary is sup- 
ported by evidence of the urinary excretion of antidiuretic substance over 
this period. Repeated experiments have conclusively demonstrated that 
approximately 100-200 milli-units of antidiuretic substance is secreted 
over this 6 hours. The urine from the same number of rats receiving water 
instead of 5-0 p.c. NaCl showed no antidiuretic activity. 

Following the hypertonic NaCl diuresis, urine collection was continued 
over the subsequent 18 hours. The groups of 8-12 dehydrated rats ex- 
creted an additional 200-400 milli-units of antidiuretic substance over 
this period. The urine from the control animals with free access to water 
showed no antidiuretic activity. 

Experiments on hypophysectomized rats. The assumption that the 
pituitary gland is the source of the antidiuretic substance in the urine 
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collected from groups of fuur hypophysectomized rats,’ 7-14 days post- 
operative, deprived of all water during the period of the collection. 
Normal control animals were dehydrated at the same time under identical 
experimental conditions. The hypophysectomized animals were extremely 
susceptible to the dehydration and died within 36-48 hours. As soon as 
an experimental animal became moribund, one of the controls was 
removed to make the groups comparable. The experiment was ended 
after 48 hours. The volume of urine from the hypophysectomized group 


Fig. 3. To show the absence of an antidiuretic principle from the urine of dehydrated 
hypophysectomized rats. 


was approximately three times greater than that from the controls. Thus 
the operated animals were more dehydrated than the normals and had a 
greater stimulus for water conservation. Fig. 3 depicts the antidiuretic 
activity of the respective urine samples in a typical experiment. It is 
obvious that the urine of the hypophysectomized rats contains no anti- 
diuretic substance. This is in marked contrast to the unmistakable anti- 
diuretic activity of the control urine. 

Chemical properties of the antidiuretic substance in urine. Further 
proof of the hypophyseal origin of the antidiuretic principle of the urine 
? Kindly prepared and examined post-mortem by Dr Robert Hill of the Department 
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was obtained by a comparison of the chemical properties of pharma- 
cological preparations from the gland and the urinary principle. It has 
been well established that the pressor and oxytocic principles isolated 
from the pituitary can be readily destroyed by hydrolysis with dilute 
acid or alkali. Urine from dehydrated rats, found on assay to contain 
100 milli-units of antidiuretic principle per c.c. was hydrolysed 30 min. 
with either 2N NaOH or 1-0 p.c. HCl. Parke-Davis pituitrin of the same 
antidiuretic activity was subjected to the same procedure. After 
hydrolysis the samples were dialysed until neutral to litmus (3 hours) and 


Fig. 4. The destruction of the antidiuretic potency of urine of dehydrated rate and of 
known pituitary solutions of equal strength by HCl and NaOH hydrolysis. 


adjusted to their original volumes. Control samples were merely sub- 
jected to dialysis. The bioassay of the final material, depicted in Fig. 4, 
showed complete destruction of the antidiuretic principle in both the 
urine and commercial preparations. The dialysed control samples re- 
tained full activity. Only the curve of the control urine is shown in the 
figure, that of the commercial pituitrin being identical in nature. 
Gulland & Randall [1935] have reported the inactivation of the 
oxytocic principle of the pituitary by reducing agents. In a preliminary re- 
port [Gilman & Goodman, 1936], we have stated that the antidiuretic 
principle from the pituitary and that found in urine can be inactivated 
by sodium sulphite. Further experiments have failed to confirm these 
findings, however, and the apparent inactivation observed was probably 
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the osmotic effect of the salt. The antidiuretic principle, according to our 
results, is resistant to procedures which Gulland & Randall claim will 
destroy the activity of the oxytocic principle. 

The urinary excretion of injected antidiuretic principle. Heller & 
Urban [1935], after the injection of 1-5 units of pituitrin in rats, observed 
that large amounts were excreted in the urine. These experiments were 
repeated on a more quantitative basis in an attempt to find the threshold 
of the excretion of the antidiuretic substance. Pituitrin was injected in 
doses proportional to the weight of the animals and the urine collected 
over the subsequent 18 hours. It was not until over 1 unit per 100 g. of 
rat was given by subcutaneous injection that any appreciable anti- 
diuretic activity of the urine was observed. However, it was ascertained 
that most of the injected pituitrin in excess of 1 unit per 100 g. was ex- 
creted in the urine in active form. 

An interesting observation was the fact that dehydrated animals, 
when injected with exogenous pituitrin, failed to excrete any more of the 
- injected pituitrin than animals that were normally hydrated. The amount 
of pituitrin in the urine of such animals was no more than that excreted 
from endogenous sources by control groups dehydrated to the same 
degree. If the excretion of endogenous antidiuretic substance was due 
either to ificreased glandular production or decreased tissue destruction of 
the active principle, one would expect, inasmuch as the renal threshold 
apparently has been exceeded, almost a quantitative excretion of 
exogenous antidiuretic principle. That this does not occur suggests that 
the body handles the foreign pharmaceutical preparations differently 
than the natural antidiuretic hormone. 


Discussion 


It is apparent from the above experiments that the body’s need for 
water conservation is the adequate stimulus for the secretion by the 
posterior pituitary of an antidiuretic substance/ Inasmuch as the mam- 
malian organism must. always conserve water, a minimal amount of 
antidiuretic substance presumably must constantly be secreted by the 
gland. This conception was established by the classical perfusion experi- 
ments of Starling & Verney [1925]. We have shown that larger amounts 
are secreted in response to dehydration, and are sufficient to build up 
detectable concentrations in the urine. This quantitative relationship 
between the necessity for water conservation and pituitary activity is 
evidence for the hormonal role of the antidiuretic principle. 
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Numerous investigators have postulated that a diuretic hormone 
must act upon the kidney to promote diuresis. In our opinion all levels 
of renal activity with respect to water excretion can be explained by the 
relative efficiency of the tubules in the reabsorption of water. Thus it is 
logical to assume that just as dehydration stimulates the posterior 
hypophysis to increased secretory activity, hydration suppresses activity 
and allows for the destruction of the hormone already present in the 
blood stream. This conception has been advanced by Klisiecki et al. 
[1933]. It is supported by the recent observations of Hart & Verney 
[1934] and Pickford [1936] that the sensitivity of man and dog to the 
antidiuretic action of pituitrin is inversely proportional to the water load 
of the organism. It is presumed that this variation in sensitivity is a 
reflection of changes in the content of antidiuretic principle in the blood 
as influenced by varying degrees of pituitary activity in response to 
different levels of hydration. It is also evident from our observations | 
that the amount of antidiuretic substance present in the body during 
hydration is not sufficiently high to allow the excretion of detectable 
amounts in the urine. | 

The presence of the antidiuretic principle in the urine assumes its 
transport in the blood. Its demonstration in the blood and other body 
fluids in experiments paralleling those reported above is now under 
investigation. 


CONCLUSIONS 


1. An antidiuretic substance is secreted by the posterior pituitary 
body. 

7 2 This substance is a true hormone, passes into the circulation and 
acts upon the kidney. 

3. The pituitary hormone in its circulation through the kidney 
filters through the glomerulus and escapes into the urine, in which it is 
relatively stable and easily detectable. 

4. The need for water conservation by the body is a stimulus for the 
secretion of this hormone. 
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MAINTENANCE OF OVARIAN AND LUTEAL 
FUNCTION IN THE HYPOPHYSECTOMIZED 
RABBIT BY GONADOTROPIC HORMONES 


By J. M. ROBSON 
From the Department of Pharmacology, University of Edinburgh 
(Received 3 March 1937) 


Removat of the pituitary in the female rabbit is followed by certain 
definite changes in the ovaries. There is, in the first place, a fall in the 
reactivity of the ovary to gonadotropic hormone. In the normal animal 
the administration of comparatively small doses of gonadotropic hormone 
is followed by follicular maturation, ovulation, and the formation of 
corpora lutea, and this also occurs even in the pseudo-pregnant and in 
the pregnant rabbit, though the doses necessary to bring about ovulation 
in the latter are somewhat larger [Jares, 1932; Hill & Parkes, 1932; 
Rowlands, 1935]. But shortly after removal of the pituitary large 
doses of gonadotropic hormone bring about no stimulation of the gonads 
[White & Leonard, 1983]. A relative absence of the ovarian reactivity 
to gonadotropic hormone in the hypophysectomized animal was first 
described for the bitch by Reichert e al. [1932], and similar results 
have also been reported for the hypophysectomized rat [Collip e al. 
1933] in as far as the response to gonadotropic hormone of pregnancy 
urine is concerned. 

A second consequence of pituitary removal observed in the pseudo- 
pregnant animal (i.e. when there is an active corpus luteum present but 
no developing products of conception) is a rapid degeneration of the 
corpus luteum and cessation of its secretory function, as a result of which 
the changes in the uterus controlled by the luteal hormone rapidly 
regress. And lastly, in the pregnant animal, hypophysectomy also causes 
degeneration of the corpus luteum and is followed by interruption of 
pregnancy. If the pituitary is removed in the early stages of gestation 
the uterine contents are absorbed, while in the later stages of gestation 
abortion follows [Firor, 1933; Robson, 1936a]. That the interruption 
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of pregnancy after hypophysectomy is essentially due to cessation of the 
luteal function is suggested by the finding that the administration of the 
luteal hormone, even in a crystalline form, results in the maintenance 
of pregnancy in the hypophysectomized animal [Robson, 19366]. 

The object of the present investigation was to determine under what 
conditions the functional activity of the ovary might be maintained after 
removal of the pituitary. An attempt was made to replace experimentally 
the pituitary control of the ovarian function by the administration of 
suitable doses of gonadotropic hormone to the hypophysectomized 
animal. It was thus hoped (1) to maintain the ovarian reactivity to 
gonadotropic hormone after hypophysectomy, and (2) to preserve the 
morphological structure and secretory activity of corpora lutea (de- 
veloping or fully formed) present at the time of hypophysectomy in 
pseudo-pregnant animals, The results so obtained might prove of value 
in the further investigation of the maintenance of ovarian function and 
of pregnancy in the hypophysectomized animal. 

Certain preliminary investigations had to be performed in order to 
clarify the experimental approach to the problems raised. Since no 
quantitative data exist as to the changes in ovarian reactivity following 
hypophysectomy, experiments were made to determine (a) at what stage 
after pituitary removal the ovary would fail to respond to gonadotropic 
hormone stimulation, and (b) the action or (absence of action) of various 
preparations of gonadotropic hormone on the ovary of animals hypo- 
physectomized for different periods. 

Thus the experiments may be conveniently described under the 
following headings: 

(1) Effects of hypophysectomy on response of ovary to gonadotropic 
hormones, 

(2) Effects of maintenance doses of gonadotropic hormones on ovarian 
reactivity in hypophysectomized animals. 

(3) Maintenance of the luteal function in animals hypophysectomized 
during pseudo-pregnancy. 


The experiments were done on mature animals of various breeds. 
Hypophysectomy was performed by the orbital approach [Firor, 1933] 
and checked by the subsequent macroscopic examination of the sella. 
In the majority of experiments the gland had been completely removed. 
Occasionally small fragments were left embedded in the blood clot which 
filled the cavity. It seems highly unlikely that such fragments would 
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have exerted any secretory function, and the results in such cases are 
therefore included. 

The following gonadotropic preparations were used: (1) Two pre- 
parations made from human pregnancy urine (M 1 and M 2) and kept 
as dry powders. Fresh solutions were made up every 3-4 days and stored 
in the refrigerator. The rabbit ovulating units of these preparations in- 
jected intravenously in saline were approximately 0-5 mg. (2) Horse 
anterior pituitary powder, dried in acetone (H). (3) Rabbit anterior 
pituitary powder, dried in acetone (R.P.). The dried pituitary powders 
were very kindly given by Dr A. 8. Parkes. 7 : 

Crystalline progesterone dissolved in oil (proluton, for the supply of 
which I am greatly indebted to Messrs Schering) was used. 

The estimation of progestational proliferation of the endometrium 
was performed as previously described [Robson, 1935]. 


RESULTS 


Effect of hypophysectomy on response of ovary to gonadotropic hormones 

The results are given in Table I, which shows that hypophysectomy 
causes within 3 days a marked decrease in the sensitivity of the ovary 
to gonadotropic hormones. For example, in the case of the preparation 
of human pregnancy urine (M 2), in the normal animal the minimum 
effective dose was about 0-5 mg. and in the hypophysectomized animal 
ten times this amount produced an effect after 2 days and no effect after 
3 days. Experiments with preparations from horse and rabbit pituitaries 
(H and R.P.) also demonstrated a gross decrease in the ovarian sensitivity 
after 3 days. Hill [19345] standardized these latter preparations and 
found that less than 1-0 mg. was needed to produce ovulation. 

A second series of experiments were made in which the sensitivity of 
hypophysectomized rabbits’ ovaries to gonadotropic hormones was 
estimated a week or more after the operation. These results are shown in 
Table II. It will be seen that the doses given were much larger than those 
shown in Table I. 

The following experimental details deserve mention. 

Three animals (511, 512, 544) were injected with large doses of horse anterior pituitary 


powder at periods after removal of the pituitary varying from 7 to 28 days. In the case of 
511 and 512 one ovary and a piece of uterus were removed immediately before the initiation 
of the injections, and in all animals one or both ovaries and a piece of uterus were removed 
on the day following the last injection. In no case was there any macroscopic effect on the 
ovary. Microscopic examination showed no stimulating effect whatever in 511 and 512. 
Indeed there is some suggestion, best marked in 511, that the follicular system has been 
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I. Showing the effects on the ovaries of var dotropic preparations ; single dose 
injected intravenously in (563-619) and in hypophysectomized 
(585-689) rabbits. M 2=preparation from human pregnancy urine; H =acetone dried 
horse pituitary powder; R.P.=acetone dried estrous rabbit pituitary powder. 


Injection Time after 
hypophy- 


Rabbit y Post-mortem 
no. Material in mg. days Effect on ovaries findings 
563 M2 2-0 0 Ovulation _ 

564 M2 2-0 0 ” ayer 
565 M2 10 0 » 0% 
566 M2 . 10 0 ” ome 
567 M2 0-5 0 
568 M2 0-5 0 Hemorrhagic follicles — 
569 M2 0-25 0 No effect _— 
570 M2 0-25 0 2 _— 
607 H 2-0 0 Ovulation — 
620 H 10 0 Hemorrhagic follicles a 
619 H 10 0 No effect — 
585 M2 5-0 2 Ovulation Complete 
hypophysectomy 
586 M2 5-0 3 No effect o 
582 M 2 10 3 ” ’”° 
583 M 2 10 3 ” ” 
618 H 5-0 3 ” ” 
608 H 2-0 3 
689 R.P 5-0 3 


Tastz II. Showing the effects of repeated administrations of gonadotropic hormone in 
hypophysectomized animals. All injections were given intravenously except in 720 
which received intramuscular injections and 534 which received implants of fresh 
pituitaries (see text for details). M1, M2=gonadotropic hormone from human 
pregnancy urine; H=acetone dried horse pituitary powder; R.P.=acetone dried 

cestrous rabbit pituitary powder. 


| Injections 
Days Days 
after Results after 
Total hypo- hypo- 
q Rabbit amount phy- EEEEEEEEEEEEEEEEEEE phy- Post-mortem 
; no. Material mg. sectomy Ovaries Uterus sectomy findings 
j 511 H 100 7-12 Nostimulation Some enlargement 13 Complete 
| hypophysectomy § 
512 H 70 9-18 14 
544 H 130 28-34 Folliculargrowth (Estrous proliferation 35 
526 R.P. 50 10-15 No stimulation No effect 15 - 
534 of — 7-9 Folliculargrowth proliferation 11 
rabbit 
pituitaries 
532 M1 100 10-14 1 hemorrhagic 15 
follicle 
541 M1 100 19-23 Hemorrhagic Slight tional 24 
follicles; some 
| luteinization 
673 M2 8-8 11-22 No effect 
720 R.P. 14 13-26 _ 
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somewhat inhibited. There was no luteinization or formation of hemorrhagic follicles. 
Sections of the ovaries of 511 before and after the injection period (and therefore removed 
7 and 13 days after hypophysectomy respectively) are shown in Fig. 1. The ovaries of 544, 
on the other hand, showed on microscopic examination very definite follicular growth, but 
there was again no luteinization and no hemorrhage. The uteri of 511 and 512 were some- 
what larger after the injections, suggesting that some wstrin had been produced, while the 
uterus of 544 showed definitely some cstrous proliferation at the end of the experiment. 


It was thought possible that pituitary material obtained from the 
same species might be more effective in bringing about stimulation of 
the ovary. 


In one animal (526), therefore, 5 mg. of dried rabbit pituitary powder (removed from 
cestrous rabbits) was injected intravenously twice a day for 5 days beginning 10 days after 
Phere eos One ovary and a piece of uterus were removed both before and after 

the injection periods. The injections did not produce any stimulation of the ovary; there 
was no growth of the follicles or any luteinization. The sections of the uterus removed 
before and after pituitary administration showed no appreciable difference. Further, one 
animal, 534, received altogether, on the 7th, 8th and 9th days after hypophysectomy, 
implants of pituitaries from seventeen immature female rabbits, each of which was more 
than 13 weeks old, and from three mature female rabbits.* 

The pituitaries were removed from the donor animals immediately after killing and 
implanted intramuscularly with as little delay as possible. Two days after the last im- 
plantations the ovaries of 534 showed no macroscopic changes but, on sectioning, it became 
evident that quite appreciable follicular growth had been induced as can be seen from 
Fig. 2. There was, however, no luteinization and no hemorrhage in any of the follicles. 
Sections of the uterus showed some degree of cestrous proliferation. 


In view of the failure to produce more than a slight and occasional 
stimulation of the ovary of the hypophysectomized rabbit with pituitary 
material, attempts were then made to bring about such effects by means 
of gonadotropic hormone from pregnancy urine. 


Two animals (532, 541) were injected with a total of 100 mg. of the preparation M 1, 
receiving twice daily intravenous injections of 10 mg. The right ovary of 532 showed no 
stimulation, but some hemorrhage into a small follicle had been produced in the left ovary, 
there being no luteinization. The uterus showed some cestrous proliferation. The changes 
brought about in 54] were rather more marked and included not only hemorrhage into 
three follicles (one in the right and two in the left ovary) but also some luteinization of the 
periphery of these follicles. That these lutein cells had exerted some secretory activity was 
evident from the fact that the uterus showed a slight degree of progestational proliferation. 

Much smaller doses were administered intravenously to one animal (673), which 
received 0-4 mg. of the preparation M 2 twice a day from the 12th to the 22nd day after 
hypophysectomy. In addition this animal received 5 mg. of gonadotropic hormone from 
pregnancy urine (M 2) intravenously on the 16th day and 10 mg. of horse anterior pituitary 
powder (H) intravenously on the 21st day after hypophysectomy. No effects were produced 
on the ovaries. 


1 "The gonadotropic hormone content of the rabbit pituitary per unit of weight is the 
same in the immature (3-4 Cleveland, 1931; 
Hill, 1934a). 
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Small doses of pituitary material removed from estrous rabbits were repeatedly 
administered to rabbit 720. The injections were started 13 days after removal of the pitui- 
tary and continued for 14 days. In addition, this animal received 5 mg. of pregnancy urine 
preparation M 2 on the 10th day of the injection period and 5 mg. of the rabbit pituitary 
powder intravenously on the 13th day of the injection period. The ovaries were examined 
by laparotomy 3 days before the last injection and removed for histological examination 
when the animal was killed on the day after the last injection. No stimulation of the ovary 
had been produced during the whole period. 


The results so far described all agree in showing that, in the rabbit, 
the ovarian reactivity to the gonadotropic hormone of the anterior 
pituitary lobe and of pregnancy urine rapidly decreases following re- 
moval of the pituitary. Moreover, after a number of days it is very 
difficult to produce any marked effect on the ovary, and indeed, in the 
majority of cases, repeated injections of gonadotropic hormone failed 
to produce any follicular growth or luteinization of the ovary. It 
appeared, however, possible that though gonadotropic hormone admini- 
stered from extraneous sources might not be capable of producing any 
marked stimulation of the ovary, the organ might recover its normal 
response when subjected to pituitary secretion produced under more 
physiological conditions. In order to test this possibility a number of 
transplantation experiments were undertaken. 

Pieces of ovary from animals hypophysectomized for various periods 
were transplanted into the anterior chamber of the eyes of ovariectomized 
animals, It has been shown [Allen & Priest, 1932; Podleschka & 
Dworzak, 1933] that ovarian transplants from normal animals take 
comparatively easily and will then respond to the injection of gona- 
dotropic hormone provided that the host animals are ovariectomized. 
Follicular growth and luteinization can be induced in the transplants 
by the treatment with gonadotropic hormone. 

Rabbit. 634 was ovariectomized and 17 days iater part of the right 
ovary of 630 was implanted into the anterior chamber of the left eye of 
634 (630 was hypophysectomized 25 days before the implantation). 
The implant became vascularized, and 27 days after implantation 5 mg. 
of gonadotropic hormone from pregnancy urine (M2) was injected 
intravenously into 634. There was no visible effect on the implant and 
the injection of 5 mg. of M 2 was repeated 66 days after the implantation. 
This time the implant was slightly stimulated and the animal was killed 
5 days after the injection. Sections of the eye showed that slight folli- 
cular growth with the formation of a hwmorragic follicle but no luteini- 
zation had occurred in the transplant. A section of the part of the eve 
with the implant is shown in Fig. 3. : 
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Two other ovariectomized animals (623 and 643) were implanted with 
pieces of ovary from hypophysectomized rabbits. In the case of 623 the 
transplantation was performed 18 days after removal of the pituitary 
of the donor animal and in the case of 643 20 days after hypophyseal 
removal, Both these implants took. 623 was subsequently injected 
intravenously with 5 mg. of M 2 on two consecutive days but no effect 
was produced on the implant. 643 received subsequently 5 mg. of M 2 
intravenously on one day and 3 mg. M 2 on the next day: no effects were 
produced on the implant. Later still (5 months after the implantation) 
this animal was injected intravenously with 5 mg. of M 2 twice daily for 
three consecutive days, and one dose was given on the morning of the 
4th day. No effects were produced on the implant. Thus out of ovarian 
implants in three animals only one was stimulated to slight follicular 
growth and hemorrhage and luteinization was produced in none. 

Maintenance of ovarian reactivity in hypophysectomized animals 
with gonadotropic hormone 

Large doses of gonadotropic hormone. In view of the evidence which 
has accumulated that the ovary of the hypophysectomized rabbit not 
only rapidly loses its normal power to react to gonadotropic hormone 
stimulation, but that this power of reacting by ovulation and corpus 
luteum formation cannot be restored under the experimental conditions 
described, it became desirable to determine whether suitable treatment 
of the animal starting immediately after removal of the pituitary might 
not be able to maintain the functional activity of the ovary. Injections 
of various gonadotropic substances were therefore begun immediately 
after hypophysectomy in order to attempt to replace the lost pituitary 
secretion, and the ovaries and the uterus were examined at various 
subsequent dates. In the first experiments comparatively large doses of 
gonadotropic hormone were used and injected intravenously. These 
results are collected in Table III. In all these experiments the first 
injection was given 3} hours after the removal of the pituitary, and 
after that the injections were made on the morning and evening of each 
day. The ovaries were inspected by laparotomy, or one ovary and a 
piece of uterus removed, at various subsequent periods. 

The repeated injections resulted not only in ovulation and the for- 
mation of corpora lutea, but also in the formation of corpora lutea with- 
out ovulation, and of corpora hemorrhagica. In a number of experiments 
there also occurred follicular growth which was sometimes evident from 
macroscopic examination of the ovaries, while in other experiments it 
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was only seen after microscopic section. Most of the experiments gave 
evidence of over-stimulation of the ovaries. 

Under these conditions the luteal function was maintained for a 
number of days after hypophysectomy. 


Thus in all cases examined up to 5-6 days after the first injection, the luteal tissue 


proliferation. 
proliferation of the uterus was also seen in animals 528 and 533, 
Nevertheless, the sections of the ovary 
of 528 at that time showed that the corpora lutea contained quite a number of small 
cells, suggesting that degenerative changes were already beginning. These degenerative 
changes were usually more marked a few days later. In 558 the uterus still showed a 
minimum degree of progestational proliferation 10 days after hypophysectomy, though 
quite appreciable degenerative changes were present in the corpora lutea. In 538 and 556, 
examined 10 and 12 days after removal of the pituitary, the corpora were nearly atrophied 
and the uteri showed no progestational proliferation. The conditions in 557 12 days after 
hypophysectomy were somewhat different; the degenerative changes in the luteal tissue 
were not very marked, suggesting that the luteal secretion had not yet ceased. Neverthe- 
less, the uterus showed a condition not of progestational, but of cestrous proliferation. It 
appears likely that in this animal wstrin was being secreted by the ovaries and prevented 
the typical action of any progestin produced in the ovaries from exerting its specific action 
on the uterine endometrium. The progestational effect of progestin on the rabbit’s endo- 
metrium can, indeed, be inhibited by comparatively small amounts of cstrin [Leonard 
et al. 1932; Robson, 1936 c}. 

In one experiment (519) gonadotropic hormone was injected into a normal animal and 
ovulation thus induced (as determined at laparotomy 2 days later). Three days after the 
injection the animal was hypophysectomized and it received an intravenous injection of 
10 mg. of horse pituitary powder on the same day and similar injections twice daily on 
the next 4 days. Eight days after the first injection (i.e. 5 days after removal of the pituitary) 
the uterus showed a degree of progestational proliferation equivalent to that seen at the 
height of pseudo-pregnancy. Sections of the ovaries showed that some degenerative changes 
had already taken place in the corpora lutea of the first ovulation. There was, however, 
some more recent luteal tissue at the periphery of large hemorrhagic follicles. 


The conclusion from these experiments was that both the period of 
luteal secretion and, to a less extent, the life of individual corpora lutea 
had been extended in the hypophysectomized animals by the injection 
of gonadotropic hormone from pregnancy urine or from anterior pituitary, 
though the longest period so attained was less than the duration of 
normal pseudo-pregnancy. At the same time there was evidence that the 
ovaries had been over-stimulated and it became desirable to determine 
whether the maintenance of an ovarian function more like that seen under 
normal conditions might be obtained after hypophysectomy by the use 
of much smaller doses of gonadotropic hormone. 

Gonadotropic hormone from pregnancy urine was used for these 
experiments as sufficient of an accurately standardized material for a 
large number of experiments was available. Daily doses, which will be 
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referred to as the maintenance dose, of the order of, or less than, one 
ovulating unit were given, and the hormone was injected intramuscularly 
twice a day. By these methods it was hoped to duplicate as nearly as 
possible the conditions obtaining during the normal hypophyseal secre- 
tory activity in the cestrous animal. 

Small doses of gonadotropic hormone. The experiments designed to 
maintain the ovarian reactivity to gonadotropic hormone were performed 
on seven animals. The pituitaries of these animals were removed either 
in the morning or in the afternoon, and the first intramuscular injection 
of a maintenance dose given immediately after the operation. The 
animals operated in the morning received two injections on that day, 
while those operated in the afternoon received only one injection on that 
day. Subsequently the animals were injected morning and evening. The 
total daily doses varied from 0-2 to 0-8 mg. of the preparation M 2 in 
the different animals. These doses, designed to maintain the ovarian 
reactivity, never produced any ovulation or luteinization, though the 
ovaries of some of the animals injected with the larger doses (0-6—0-8 mg. 
of M 2 per day) showed definite macroscopic follicular growth when they 
were examined at laparotomy 7 or 8 days after pituitary removal. This 
is illustrated in Fig. 4 from the ovary of 658 removed on the 7th day 
after hypophysectomy. At some stage in the course of the injections a 
large dose of gonadotropic hormone (either from pregnancy urine, M 2, 
or horse pituitary powder) was injected intravenously in order to induce 
ovulation. This was successful in a number of cases and ovulation was 
observed in hypophysectomized animals treated with small doses of M 2 
intramuscularly and then with a large dose of gonadotropic hormone 
intravenously 3, 4, 9, and 12 days after pituitary removal (see Table IV). 


Occasionally the intravenous injection produced some stimulation of the ovary without 
ovulation. Thus the injection of 5 mg. of horse pituitary powder into 680 8 days after 
pituitary removal led to the formation of a hemorrhagic follicle. The same animal was 
injected intravenously with 3 mg. of M 2 12 days after hypophysectomy, and this caused the 
formation of two small hemorrhagic follicles. In one animal (716) ovulation was induced 
twice after removal of the pituitary. This rabbit, in addition to the maintenance doses, 
was injected with 2:5 mg. of M 2 3 days after the operation, and on the 5th day the right 
ovary was examined. It contained nine ovulated follicles. On the 12th day after hypo- 
physectomy the right ovary was again examined when no corpora lutea were macro- 
scopically visible and the uterus was small and showed no proliferation. On the same day 
5 mg. of horse pituitary powder was administered, and 3 days later a laparotomy revealed 
the presence of five ovulated follicles in the left ovary. 


In all these animals the maintenance doses of gonadotropic hormone 
were continued after the injection of the ovulating dose in order to deter- 
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mine whether corpora lutea would develop under these conditions. This 
occurred only, however, in one case (675). 

Laparotomy was performed in this animal 3 days after removal of the pituitary. Each 
ovary contained two medium-sized follicles. On the evening of that day 5 mg. of M 2 was 
injected intravenously. Two days later a laparotomy revealed the presence of two ovulated 
follicles in the right ovary. Ten days after hypophysectomy the animal was killed. Each — 
ovary contained two corpora lutea in apparently normal condition for that stage of pseudo- 
pregnancy. The uterus also showed a degree of progestational proliferation expected for 
that stage of pseudo-pregnancy. Sections of the uterus and ovary are given in Fig. 5. 
There is evidence that in those cases where ovulation was not followed by luteinization the 
conditions in the follicles had become arrested at a definite stage, there being presumably no 
adequate luteinizing stimulus. This condition is illustrated by the finding in animal 709 in 
which ovulation was found on the 11th day after hypophysectomy following an intravenous 
injection of M 2 on the 9th day. On the 16th day the ovaries were removed and sectioned. 
They contained a number of enlarged follicles and several of these were filled with hemor- 
rhagic material, but no definite luteal tissue could be identified in any of these. The uterus at 
that time showed some estrous, but no progestational proliferation. 


In order to determine whether the formation of anti-gonadotropic 
substances such as have been described by Collip [1935] and others 
might interfere with ovulation or with the formation of corpora lutea in 
animals injected with the maintenance dose of gonadotropic hormone for 
a number of days, the serum of two animals was tested for the presence 
of anti-hormones (709 and 721). Ovulation was induced in the former 
rabbit by an injection 9 days after pituitary removal and 7 days later the 
blood was collected. 5 c.c. of the serum injected with 1 mg. of M 2 into 
an oestrous rabbit did not inhibit ovulation. On the other hand, rabbit 
721 gave no ovarian response when injected with gonadotropic hormone 
on the 11th or on the 13th day. after pituitary removal. The blood was 
collected on the 15th day after hypophysectomy and was found to contain 
anti-gonadotropic substances: 5 c.c. of serum inhibited the response to 
1 mg. of M2, but 2 c.c. of serum did not inhibit ovulation when ad- 
ministered with 1 mg. of M2. Anti-gonadotropic substances were also 
demonstrated in the blood of another animal (712) which was injected 
for 10 days with 0-38 mg. of M 2 per day; on the 10th day the blood was 


collected and 5 c.c. of serum inhibited the action of 1 mg. of M2 in an 
cestrous rabbit. 


Maintenance of the luteal function in the 
3 non-pregnant rabbit 

Ovulation was induced in five rabbits by the injection of Swan 

hormone and confirmed by a laparotomy 2 days after the injection. On 
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The animals then received twice daily intramuscular injections of gona- 
dotropic hormone from pregnancy urine (M 2) in doses of 0-2-1-0 mg. 
per day, the first two doses being given on the day of the operation. The 
uterus and ovaries were examined at various subsequent dates. In the 
case of 651 one ovary and a piece of uterus were removed 5 days after 
hypophysectomy, and the remaining ovary and uterus were examined 
3 days later. The results are given in Table V. 

It will be seen that in all these experiments the luteal function was to 
a great extent if not completely maintained. This can be concluded not 
only from the macroscopic and microscopic examination of the ovaries 
and corpora lutea but also from the condition of the uterine endometrium. 

For example, animal 651 showed, 11 days after induction of ovulation and 8 days after 
removal of the pituitary, a degree of progestational proliferation of the uterus similar to that 
normally seen at that stage of pseudo-pregnancy, while the two corpora lutea in the 
remaining ovary were also similar to that seen at that stage of pseudo-pregnancy. 

Examination of the ovaries in animals 631 and 632, 5 days after hypophysectomy, 
showed that quite a marked degree of follicular maturation had been induced in the ovaries, 
which contained apparently normal corpora lutea. That this follicular maturation was 
accompanied by an appreciable secretion of cestrin is suggested by the appearance of the 
endometrium which, in both animals, showed a degree of progestational projjferation less 
than would be expected from the development of the corpora lutea. A section of the ovary 
of animal 631 is shown in Fig. 6. The conditions in rabbit 638 6 days after removal of the 
pituitary were rather similar though the follicular growth was not so marked. It seems 
likely that in these two animals sufficient cstrin was secreted to overcome partly the 
progestational action of the progestin produced by the corpora lutea. 

As a control, rabbit 652 was hypophysectomized 3 days after the intravenous injection 
of 3 mg. of M 2. Five days after the pituitary removal the right ovary was examined. The 
corpora lutea showed evidence of degeneration both on naked eye and histological ex- 
amination, and section of a piece of uterus removed at the same time showed a degenerative 
stage of progestational proliferation. Three days later the animal was killed. The corpora 
in the left ovary were atrophic and the uterus showed no proliferation 
whatever. 
the fossa. This result confirms those reported by Firor [1933]. 

In one animal (740) the pituitary was removed on the day after the 
injection of the ovulating dose of gonadotropic hormone, and this animal 
then received 0-4 mg. of M 2 per day (in two intramuscular doses). Six 
days after hypophysectomy it was killed. The ovaries contained normal 
corpora lutea in addition to several corpora hemorrhagica. The uterus 
showed the degree of progestational proliferation (+++) expected at 
that stage of pseudo-pregnancy. 

In four animals hypophysectomy was performed at a later stage of 
pseudo-pregnancy, namely the 11th day after the ovulating injection of 
gonadotropic hormone, and twice daily doses of M 2 were then admin- 
istered intramuscularly in an attempt to maintain the later stages of 
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Tasxe V. Showing results in the maintenance of corpora lutea of pseudo-pregnancy present in the ovaries at the time of pituitary removal. 
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pseudo-pregnancy or, if possible, to prolong the period of activity of the 
corpus luteum beyond the normal duration of pseudo-pregnancy. In 
one animal (666) this was completely unsuccessful, and the corpora 
lutea, when examined 7 days after removal of the pituitary, were 
atrophied. In two rabbits (662 and 690) the development of the corpus 
luteum was rather less than that seen at normal pseudo-pregnancy, as 
could be seen from sections of the ovaries removed 7 days after hypophy- 
sectomy. In one animal (684) one ovary and a piece of uterus were 
removed 6 days after hypophysectomy. The life of the corpora lutea had 
been definitely maintained in this case; indeed their condition approxi- 


_ mated to that of the corpora lutea at a similar stage of a true pregnancy. 


That they were still exerting their secretory function was shown by the 
fact that the uterus showed an appreciable degree of progestational 
proliferation, whereas no progestational proliferation is observed at that 
stage of pseudo-pregnancy. Sections of the ovary and uterus at this 
stage are shown in Fig. 7. Five days later the remaining ovary was 
removed, and the corpora lutea were by that time degenerating. The 
injections had thus been successful in maintaining the life of the corpus 
luteum only for a limited period. It is of interest to note that the mam- 
mary glands of animals 662, 684, and 690 (i.e. those in which the life of 
the corpus luteum had at least to some extent been maintained) showed 
a degree of proliferation similar to that normally seen at the end of 
- pseudo-pregnancy, when examined on the 17th or 18th day after the first 
ovulating injection, while the mammary glands of 666 (in which the 
corpora lutea atrophied) were quite atrophied at a similar stage in the 
experiment. 
Discussion 


In the attempt to replace experimentally, by the administration of 
gonadotropic hormone, the normal control of the ovary in animals 
hypophysectomized at various stages of the sex cycle, certain difficulties 
have been encountered. Three factors have militated against successful 
replacement of the normal pituitary secretion for more than short 
periods, namely: 

(1) The doses of hormone have to be very carefully adjusted; over- 
stimulation of the ovary occurs readily so that the quantities given have 
to be small. Moreover, there is evidence that the amount of hormone 
secreted by the pituitary may vary at different phases of the sex cycle 
and at different stages of pregnancy [Hill, 19342], though little is actually 
known about this question. 
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(2) It appears probable that the pituitary secretes more than one 
gonadotropic principle controlling the various changes in the ovary, and 
it is at least possible that the ratio of these factors produced by the 

pituitary may vary at different times in the cycle. Now at the present 
stage of knowledge of the chemistry and physiological activity of these 
hypothetical pituitary gonadotropic fractions it is difficult to obtain 
_ preparations containing known amounts of these factors. In practice 
the difficulty is further enhanced by the fact that any preparations that 
could be used for the present work had to be accurately standardized, 
and that therefore only preparations of which a fairly large amount could 
be obtained would prove satisfactory for quantitative work over a series 
of experiments. For this reason the human pregnancy urine preparations, 
of which several grams were available, were used. That such preparations 
may not contain the gonadotropic hormones in their right proportion 
for the maintenance of certain phases of the ovarian activity is suggested 
by the fact that at times (e.g. at certain stages of pseudo-pregnancy) the 
administration of the preparation in amounts sufficient to maintain the 
luteal function also produced excessive growth of the follicular system. 
Indeed, it appears highly desirable that further experiments should be 
performed with separate pituitary fractions, such as have been described 
by Fevold e al. [1931] and Evans e¢ al. [1936]; results obtained in 
pseudo-pregnant and in pregnant hypophysectomized animals with such 
fractions might give even more conclusive evidence bearing on the 
validity of the hypothesis of the existence of two or more gonadotropic 
hormones. 

(3) The fact that injections of gonadotropic hormone lead to the 
production of anti-substances which inhibit the effect of these hormones 
provides a third difficulty in the prolonged experimental maintenance 
of ovarian function in the hypophysectomized animal. That such anti- 
hormones may be rapidly formed even when the doses of hormone 
administered are small is shown by the results described above. Twombly 
[1936], too, has shown that anti-hormones may be rapidly produced, a 
period of 3-4 weeks of daily injections being sufficient. Furthermore, 
Hertz & Hisaw [1934], who treated immature rabbits for only 10 days 
with sub-threshold doses of gonadotropic hormone which produced no 
visible effect on the ovaries, found that such a short period of treatment 
was sufficient to render the gonads insensitive to the subsequent injection 
of large doses of hormone. These short periods of treatment are very 
similar to those in which anti-hormones were produced in the present 
experiments. It would indeed appear possible that treatment with small 
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doses of gonadotropic hormone provides an effective method of evoking 
rapidly the formation of anti-hormones. 

In spite of these difficulties, it has proved possible to maintain the 
ovarian function for certain short periods, and there is no reason to doubt 
that the failure to prolong the ovarian activity after hypophysectomy 
for more than 6-12 days is actually due to the factors discussed above. 
It is hoped that ultimately the use of purer preparations may make it 
possible to achieve more lasting results. 

The loss of the capacity of the ovary to respond to gonadotropic 
hormone stimulation after removal of the pituitary is very striking in the 
rabbit. It is observed very soon after hypophysectomy, i.e. after 3 days, 
the intravenous injection of ten times the ovulating dose of urinary and 
hypophyseal material produces no effect, and later on the ovary becomes 
refractory to large doses of these two forms of the hormone. Furthermore, 
this loss of reactivity extends even to the hormone of the pituitaries of 
the same species, the most definite experiment in this case being the one 
in which implantation of twenty rabbit pituitaries failed to produce any 
ovulation or luteinization. This and other experiments (Table II) also 
demonstrate the fact that the luteinizing response is lost when growth of 
the follicular system can still be produced. Moreover, the results also 
suggest that under certain circumstances the ovary may be stimulated 
to westrin production without showing any morphological changes. The 
transplantation experiments show that the ovarian reactivity is not 
restored even when the organ is placed in a comparativély normal 
hormonic medium. All the data indeed suggest that, after removal of the 
pituitary, irreversible changes occur in the gonads involving a permanent 
loss of the response to extraneous stimulation. The recent short note of 
Foster [1936], working in Hisaw’s laboratory, is in agreement with the 
above results and shows that the loss of reactivity extends even to a 
pure follicular maturation hypophyseal extract, though the total loss is 
placed somewhat later after pituitary removal (23 days) than in the 
present experiments. 

The attempts to maintain the ovarian function with large doses of 
gonadotropic hormone did not produce satisfactory results. The reactivity 
of the ovary to gonadotropic hormone and the period of secretion of the 
luteal hormone have indeed been somewhat prolonged, as compared with 
untreated hypophysectomized animals, though longer periods of luteal 
secretion have previously been obtained by the repeated injections of 
gonadotropic hormone from pregnancy urine into non-hypophysecto- 
mized rabbits [Robson, 1932]. But the results clearly showed that 
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over-stimulation of the ovary had been produced and that no physio- 
logical maintenance of ovarian function had resulted. 

On the other hand, a maintenance of comparatively normal ovarian 
function was successfully produced by the daily administration of small 
doses of gonadotropic hormone. It was possible by this method to 
maintain the ovarian reactivity, so that the intravenous injection of a 
single dose of gonadotropic hormone, even 12 days after pituitary removal, 
produced ovulation. Normal corpora lutea developed in one only out of 
the five cases in which ovulation was produced in the hypophysectomized 
animal (Table IV), so that it is likely that the extract used (or the 
dosage) was not very satisfactory for the control of the early stages of 
corpus luteum formation. 

Incidentally these experiments strongly suggest that the normal 
ovarian reactivity (i.e. the capacity of the ovary to respond by follicular 
growth, ovulation and corpus luteum formation to hormonic stimuli) in 
the rabbit is maintained by the constant secretion of small sub-threshold 
doses of gonadotropic hormone by the anterior pituitary. Since there is 
no evidence that anti-hormones are produced under these conditions, it 
seems likely that the anti-hormone formation is not a factor in the 
physiological control of the gonads. The failure to produce anti-hormones 
in the human subject by the injection of gonadotropic hormone of human 
origin [Twombly, 1936] leads to the same conclusion, which is also 
strongly supported by the experiments of Du Shane ef al. [1935] on 
parabiosed rats. 

The period of activity of early corpora lutea of pseudo-pregnancy 
present in the ovary at the time of hypophysectomy was also maintained 
by the administration of sub-threshold doses of gonadotropic hormone, 
in one case for at least 8 days after pituitary removal. When the pituitary 
was removed at a later stage of pseudo-pregnancy (llth day) it was 
found more difficult to prolong the life of the corpus luteum, and this 
was definitely successful in only one out of four experiments. It seems 
possible that an extract possessing only luteinizing actions might have 
been more successful in prolonging the luteal function at this stage. 


SuMMARY 


1. The ovulating response of the rabbit’s ovary to an intravenous 
injection of gonadotropic hormone is no longer obtained 3 days after 
hypophysectomy. A week or more after hypophysectomy the injection 
of large doses of gonadotropic hormone (horse pituitaries, rabbit 
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pituitaries, human pregnancy urine) produce little or no stimulation 
of the ovary. 

Pieces of ovary taken from hypophysectomized rabbits and trans- 
planted into the anterior chamber of the eye of ovariectomized animals 
show very little or no reaction to the injection of gonadotropic 
hormone. 

2. By the daily injection of small doses of gonadotropic hormone the 
ovarian reactivity to gonadotropic hormone was maintained for periods 
up to 12 days after hypophysectomy and active corpora lutea were, in 
one case, produced in the hypophysectomized animal. 

Results obtained by the daily injection of large doses of gonadotropic 
hormone are also described. 

3. The period of activity of corpora lutea of pseudo-pregnancy 
present in the ovary at the time of hypophysectomy was maintained 
for periods up to 8 days. 

4. Replacement therapy was successful for only short periods and the 
reasons for this are discussed. 
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DESCRIPTION OF PLATES I-IV 


Prats I 


Fig. 1. Section of ovaries of animal 511. x8. A, ovary removed 7 days after hypophy- 
sectomy. B, second ovary removed 13 days after hypophysectomy. In the interval 
between the 7th and 13th days the animal received 100 mg. of dried horse anterior 
pituitary powder intravenously. No stimulation of the ovary was produced. 

Fig. 2. Section of ovary of animal 534. x 5. The ovary was removed 11 days after hypo- 
physectomy. The rabbit had been implanted with twenty fresh rabbit pituitaries on 
the 7th, 8th and 9th days after pituitary removal. Notice follicular growth but absence 
of any luteinization. 

Prats II 

Fig. 3. Ovarian transplant in the anterior chamber of the eye of animal 634 (ovariecto- 
mized). x8. AA, follicles; B, small hemorrhagic follicle. The implant was removed 
this produced only a small hemorrhagic follicle in the implant. 


Fig. 4. Illustrating the follicular growth in the ovary of an animal (658) injected daily 
with small amounts of gonadotropic hormone. The injections started immediately after 
hypophysectomy and the ovary was removed 7 days later. x 8. 


Prats 
Fig. 5. Illustrating the formation of a fungtional corpus luteum in a hypophysectomized 
rabbit (675). The animal was injected daily with small quantities of gonadotropic 
hormone and.received an ovulatory dose intravenously on the 5th day after pituitary 
- removal. Five days later (i.e. 10 days after hypophysectomy) the ovaries and uterus 
were removed. A, section of corpus luteum. x40. B, section of uterus showing 
progestational proliferation. x 40. 
Prats IV 


sectomized animal (631) injected with small daily doses of gonadotropic hormone. The 
pituitary was removed on the 3rd day of pseudo-pregnancy and the ovary was taken 
out 5 days later. x 10. 


Fig. 7. Illustrating the maintenance of luteal function in an animal (684) hypophysecto- 
mized in the later stages of pseudo-pregnancy. The pituitary was removed on the 11th 
day of pseudo-pregnancy and the animal received small doses of gonadotropic hormone 
daily. Six days later one ovary and a piece of uterus were removed. A, section 
feration. x 
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) MAINTENANCE OF PREGNANCY AND OF 
THE LUTEAL FUNCTION IN THE 
HYPOPHYSECTOMIZED RABBIT 


By J. M. ROBSON 
| From the Department of Pharmacology, University of Edinburgh 
(Received 3 March 1937) 


In @ previous investigation [Robson, 1936 a] it has been shown that 
when the pituitary is removed in the later stages of pregnancy, the 
abortion which otherwise follows within 24-48 hours can be prevented 
| by the administration of extracts of the corpus luteum and of the 
crystalline hormone progesterone. 

It has also been shown that the luteal function can be maintained 
in animals hypophysectomized during pseudo-pregnancy by the injection 
of small maintenance doses of gonadotropic hormone [Robson, 1937]. + 

The aim of the present investigation was to determine: 

(1) Whether the crystalline corpus luteum hormone, progesterone, 
would maintain pregnancy in animals hypophysectomized at earlier 
stages of gestation, and 

(2) Whether the administration of gonadotropic hormone to animals 
hypophysectomized at various stages of pregnancy would result in the 
maintenance of the luteal function and thus ensure the continuation of the 
gestation. 

In addition a number of experiments on the role of the pituitary in 
the development of the mammary gland were made. 


METHODS 


These have already been described in the previous paper [Robson, 
1937]. The details of the estimation of the uterine reactivity have also 
been previously given [Robson, 1935). 
The preparation of prolactin was kindly supplied by Organon, Ltd., 
and contained, according to their standardization, one pigeon unit in 
PH, XC. 10 
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25 mg. of dried powder. It was injected intramuscularly in suspension in 
saline. 

In two experiments an extract from whale corpora lutea, which was 
kindly given by Dr A. 8. Parkes, was used. 


The dissection of the mammary glands for weighing was performed as 
described by Hammond & Marshall [1930]. 


RESULTS 
Maintenance of pregnancy with progesterone 

Two preliminary experiments were performed using an extract of 
whale corpora lutea. The animals were hypophysectomized on the 
17th day of pregnancy and injected twice daily with the luteal extract. 
Abortion did not occur, but after a few days the uterine contents started 
absorbing, and it appeared possible that this termination of the gestation 
might be due to cestrin contained in the luteal extract. The further 
experiments were therefore done with progesterone (proluton). 

Three rabbits (702, 707, 711) were hypophysectomized on the morning 
of the 16th day of pregnancy. The first subcutaneous injection of pro- 
gesterone was given immediately at the termination of the operation and 
a further injection was given the same evening. Thereafter the pro- 
gesterone was administered twice daily. The animals were weighed every 
day. The data of these experiments were as follows: 

702. Received 1-875 mg. of progesterone per day (0-75 mg. in the morning and 1-125 mg. 
at night) for 5 days after the operation and 1-5 mg. per day (in two equal doses) for the next 
6 days. From a consideration of the weight of the animal and from careful palpation it 
was concluded that live foetuses were present 7 days after the operation (i.e. on the 23rd 
day of pregnancy). The mammary gland showed no thickening. Five days after the last 
injection (i.e. of the 31st day of pregnancy) absorbing uterine contents were expelled. At 
post-mortem the hypophysectomy was found to be complete. The corpora lutea were no 
longer visible macroscopically and sections of the ovaries showed that they had atrophied. 
In this animal, therefore, the administration of progesterone had maintained gestation for 
at least 7 days after pituitary removal and no uterine contents had been expelled until full 
term. 


707. This animal received 1-875 mg. of progesterone daily from the day of operation 
(16th) until its death 7 days later. Six days after the operation one live foetus was aborted. 
On the afternoon of the next day the animal died. The uterus contained six foetuses and 
placentz and from their appearance it could be concluded that their foetuses were very 
probably alive, up to the death of the mother. The hypophysectomy had been complete. 
The mammary gland was rather large and contained some milk. The weight was 19-4 g. 
(weight of animal = 1-6 kg.; breed = Dutch). The corpora lutea showed signs of degeneration 
and contained a number of small cells. 

711 (Chinchilla). Was also injected with 1-875 mg. of progesterone per day (0-75 mg. in 
the morning and 1-125 mg. at night) for 11 days after hypophysectomy on the 16th day of 
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pregnancy. During the whole period pregnancy was maintained. On the 27th day of 
pregnancy the animal was rather poorly and was killed as it was expected to die shortly. 
The uterus contained two normal live footuses and two foetuses showing signs of absorption. 
These lattér fotuses had probably been dead for 1 or 2 days. The hypophysectomy was 
complete. The mammary gland showed very little thickening and nothing could be expressed 
from the nipples. Its weight was 13-3 g., while the weight of the animal was 2-0 kg. A 
section of the lower mammary gland is shown in Fig. 1. The corpora lutea in the ovaries 
had atrophied. It ig noteworthy that the endometrium, taken in places where no foetuses 
were present, showed a slight degree of progestional proliferation. 


From these results and those previously reported it appeared probable 
that the pituitary would not be necessary for the maintenance of preg- 
nancy after the 16th day, provided that the luteal secretion was main- 
tained or replaced. A series of animals was then investigated to determine 
whether this was also the case in the earliest stages of pregnancy. 

These animals were mated at a definite time and a laparotomy was 
performed on the next day, one ovary being inspected to make sure that 
ovulation had occurred. When this was the case, the pituitary was 
removed some 24 hours after the mating. The first injection of pro- 
gesterone was given immediately after the operation. The results were 
as follows: 

724. Was mated at 11 a.m. The right ovary inspected next morning, 
contained two ovulated follicles. The pituitary was removed about 
244 hours after mating. The animal received 0-75 mg. of progesterone a 
day in two equal doses morning and evening until the end of the experi- 
ment. Nine days after mating a laparotomy was performed. The left 
uterine horn now contained three normal implantation sites, but there 
were none in the right horn. It is possible that the handling of the 
Fallopian tube at the first laparotomy might have interfered with the 
descent of the ova. The ovaries contained very small white areas in- 
dicating the sites of ovulation. The corpora lutea had thus completely 
atrophied. The injections of progesterone (0-75 mg. per day) were con- 
tinued for three more days and palpation then suggested that the preg- 
nancy was not proceeding normally. A laparotomy performed on the 
13th day after mating now showed that the uterine contents were absorb- 
_ ing and the animal was then killed. Post-mortem examination showed 
that the pituitary had been completely removed. The uterus showed a 
degree of progestational proliferation of about + +. The corpora lutea 
were completely atrophied. 

726. Laparotomy 24 hours after mating showed three ovulated 
follicles in the right ovary. Half an hour later the pituitary was removed. 
The animal received 0-75 mg. of progesterone daily in two equal doses, 
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until it was killed 9 days after mating. Post-mortem examination 
showed that hypophysectomy had been complete. The uterus contained 
only one implanted ovum, in the left horn and in apparently normal 
condition for that stage of pregnancy. The endometrium showed a 
marked degree of progestational proliferation. The condition of the 
developing ovum and of the endometrium in adjacent parts of the uterus 
are shown in Fig. 2. No corpora lutea were visible macroscopically in the 
ovaries. The condition of the ovulated follicles is also illustrated in 
Fig. 2. It will be seen that although some development must have taken 
place atrophic changes occurred later; the corpus luteum at this stage is 
small and degenerated. Many small cells are present. It is interesting to 
compare this corpus luteum with that of rabbit 748 also taken 9 days 
after mating and in which the luteal function was maintained by the 
injection of gonadotropic hormone. | 
733. Three ovulated follicles were found in the right ovary which 
was examined 24 hours after mating. Hypophysectomy was performed 
half an hour later. In view of the finding in 724 that normal implantation 
occurred but that pregnancy did not continue its normal development, the 
doses of progesterone were increased after the 6th day post-coitum. This 
animal therefore received 0-75 mg. of progesterone (in two equal doses) 
up to the 6th day of pregnancy; on the 7th, 8th and 9th days 0-375 mg. 
was injected in the morning and 0-75 mg. in the evening. Palpation on 
the 9th day strongly suggested that implantation had occurred (laparo- 
tomy was not performed in order to diminish the risk of sudden death 
which has not infrequently been observed in hypophysectomized animals 
following an operation). The dose was thereafter increased to 0-75 mg. 
morning and evening. On the 13th day after mating laparotomy was 
performed. The ovaries contained no corpora lutea. The uterus contained 
three implantation sites, two in the right horn and one in the left horn. 
The upper site in the right horn was small and definitely absorbing. The 
other. two sites were not as large as would have been expected at that 
stage of pregnancy (about 1-5 cm. in diameter), but the exact condition 
could not he diagnosed with certainty from the naked eye examinations, 
and the injections were continued for another 4 days (1-5 mg. of pro- 
gesterone per day). On the next day (i.e. 18 days after mating) the 
animal was found to be poorly! and was killed. Post-mortem examination 
showed that the pituitary removal had been complete. The appearance 
of the three implantation sites in the uterus was very similar to that seen 


* This occasionally occurs in hypophysectomized rabbits and is not restricted to 
pregnancy. The cause is unknown. 
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at laparotomy on the 13th day. One of the larger sites was opened. Its 
contents were adherent to the uterus but were separated. The weight 
of the contents was 0-480 g. The other sites were examined histologically. 
They consisted of a number of sinuses lined by trophoblastic tissue. The 
appearance rather suggested an atrophic condition. No foetal tissue 
could be recognized. The uterus no longer showed any progestational 
proliferation. The original ovulation sites had atrophied and could no 
longer be recognized. 

These experiments showed that when the rabbit is hypophysecto- 
mized some 24 hours after mating normal implantation will occur if 
progesterone is administered, and a normal pregnancy will continue up 
to about the 9th or possibly the 10th day. After that, however, the 
foetus does not develop any further even though large doses of pro- 
gesterone are given. It appeared likely, therefore, that some other factor 
besides progesterone was necessary to maintain pregnancy in the hypo- 
physectomized rabbit after the 9th day. Now it is well known that the 
luteal hormone exerts a number of its actions on the uterus synergistically 
with cestrin, and it appeared possible that the failure of the pregnancy 
to continue under the conditions described was due to the absence of 
a suitable quantity of the oestrous hormone. A number of experiments 
were therefore performed in which small quantities of estrone were 
given in addition to progesterone, from about the period of implantation. 
Since it is well known that even small doses of cestrone will completely 
inhibit the action of progesterone on the uterine endometrium [Robson, 
19366], the doses of cestrous hormone had to be adjusted so as to give a 
synergistic and not an antagonistic effect. Since 0-01 mg. over a period 
of 4 days will completely inhibit the progestational action of 0-75 mg. of 
progesterone administered over the same period, but will not inhibit the 
effect when larger doses of progesterone are given, this amount, i.e. 
0-0025 mg. per day, seemed to be suitable for the present experiments. 
The results are as follows: 

741. Was hypophysectomized 24 hours after mating. The right ovary 
contained three ovulated follicles. 0-75 mg. of progesterone (in two 
separate doses) was given on the day of operation and on the next 7 days. 
On the 8th and 9th days after the operation the animal received 0-375 mg. 
of progesterone in the morning and 0-75 mg. in the evening, and on the 
next 2 days two daily doses of 0-75 mg. were given. On the evening of 
the 6th day after mating 0-00125 mg. of cstrone in oil was given, and 
subsequently 0-0025 mg. per day in two doses was given until the end of 
the experiment. The implantation sites could definitely be palpated 
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10 days after mating. Two days later a laparotomy was performed and 
two implantation sites were found in the uterus. Macroscopic examina- 
tion showed that reabsorption of the embryos had begun. Nevertheless, 
the endometrium showed marked progestational proliferation. The 
pituitary had been completely removed. 


746. Was hypophysectomized in the afternoon 24 hours after mating. The right ovary 
contained one ovulated follicle. The animal received 0-375 mg. of progesterone on the same 
day and 0-75 mg. per day on the next 5 days. On the 7th day after mating 1-125 mg. of 

was given and, after that, 1-5 mg. per day in two equal doses was administered 
until the end of the experiment. 0-00125 mg. of estrone was injected on the evening of the 
7th day after mating, and thereafter 0-0025 mg. per day was given in two doses. Laparo- 
tomy, performed on the 9th day after mating, showed the presence in the uterus of four 
normal implantation sites. Six days later, i.e. on the 15th day of pregnancy, the abdomen 
was again opened. The uterine contents were absorbing. On the next day the animal died 
and tissues were removed for histological examination. The uterus still showed a pro- 

proliferation of about + +. The pituitary removal had been complete. The 
original ovulation sites had atrophied. 


These results suggested the possibility that the early stages of develop- 
ment of the embryo could not take place in the absence of the pituitary, 
and it was decided to investigate the fate of the uterine contents in 
pregnant animals hypophysectomized at about the time of implantation 
and subsequently treated with progesterone. Two such experiments gave 
definite results. 


gesterone per day (0-75 mg. in the morning and 1-125 mg. at night) until the end of the 
experiment. On the 14th day after mating a laparotomy showed the presence of normal 
foetuses. The corpora lutea were atrophied. On the evening of the 17th day of pregnancy 
the animal was found to be poorly and was killed. The uterus contained seven normal 
foetuses and placente#. The endometrium still showed some degree of progestational pro- 
liferation. The corpora lutea showed a marked degree of atrophy. The mammary gland was 

atrophied. Pituitary removal had been complete. 

753. Was also hypophysectomized 8 days after mating and treated with 1-875 mg. of 
progesterone per day until the end of the experiment. The animal died on the morning of 
the 23rd day after mating and was examined within a few minutes. The uterus contained 
five normal foetuses and placentw, some of the foetuses being still alive at the time of the 
post-mortem. The corpora lutea had atrophied. The mammary glands showed comparatively 
little development and weighed 27 g., the weight of the animal being 2-9 kg. The pituitary 
was completely removed. 


Maintenance of pregnancy in the hypophysectomized rabbit treated 
with gonadotropic hormone 
From the results so far described it can be concluded that, with the 
possible exception of a short period following implantation, the only 


essential function of the pituitary gland during pregnancy (from about 
24 hours after ovulation) is the maintenance of the luteal secretion. Since 
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it has also been shown that the luteal function can be maintained in the 
hypophysectomized rabbit by the administration of gonadotropic hor- 
mone from pregnancy urine, the next step was obviously to try and 
maintain gestation with gonadotropic hormone after pituitary removal. 
Such experiments were performed at various stages of pregnancy. 

The doses of gonadotropic hormone had to be carefully considered, as 
it is known that the injection of fairly large doses may cause abortion 
and interrupt the activity of the corpus luteum [Bellerby, 1935]. An 
experiment of this series showed the same result in the hypophysecto- 
mized animal. The pituitary was removed in 621 23 days after mating, 
and the animal received 1 mg. of rabbit pituitary powder the same day 
and 2 mg. the next day. Nevertheless, it aborted less than 48 hours after 
hypophysectomy, and a newly ovulated follicle was found in the ovary. 
This experiment, together with those described for non-pregnant rabbits 
and the earlier results of Bellerby and others, emphasized the fact 
that the doses of gonadotropic hormone necessary to maintain gestation 
would have to be small. 

Maintenance in animals hypophysectomized in the later stages of 
gestation. Experiments were done in four animals. Abortion, which 
follows pituitary removal within 24—48 hours, was prevented for some 
time in all these, but only one rabbit carried to full term and had a live 
litter. The results are as follows: 


671. The pituitary was removed on the morning of the 22nd day of pregnancy. The 
animal received 0-4 mg. of the gonadotropic preparation M 2 in saline intramuscularly 
morning and evening of the day of operation, and of the following days. Seven days after 
hypophysectomy (i.e. on the 29th day after mating) highly macerated fcetal and placental 
masses were passed. On post-mortem examination the uterus was found to be empty. A 
fairly large piece of pituitary tissue, which appeared quite necrotic, was found in the 
pituitary fossa. The corpora lutea, on microscopic examination, appeared to be normal for 
that stage of pregnancy and the follicular system was well developed. The mammary 
gland was small, little or no development having occurred after the operation. 

693. Was hypophysectomized on the morning of the 22nd day of pregnancy. Received 
0-4 mg. of M 2 intramuscularly immediately after the operation and 0-3 mg. the same 
evening. Thereafter 0-3 mg. was injected twice daily. After a few days the weight curve and 
palpation definitely showed that the uterine contents were not developing normally and the 
animal was killed 6 days after the operation. The uterus contained foetuses and placente 
in a fairly advanced stage of reabsorption. The corpora lutea in the ovaries appeared normal 
both on macroscopic and microscopic examination. The ovarian follicular system was 
fairly well developed. The right ovary also contained one small hemorrhagic follicle. The 


_ mammary gland was fairly well developed and milk could be squeezed out of the nipples. 


The sella was filled with caseous material in which no tissue could be recognized. 

695. The pituitary was removed in the morning, 23 days after mating, and the animal 
received 0-2 mg. of gonadotropic preparation M 2 twice daily until the end of the experi- 
ment. On the morning of the 4th day after hypophysectomy five foetuses were aborted. 
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These showed early signs of absorption. The ovaries contained apparently normal corpora 
lutea. In addition the right ovary contained a small hemorrhagic follicle. A small piece of 
gland had been left in the pituitary fossa. The mammary gland had undergone little or no 
development from the time of operation. 

In these three animals, therefore, abortion had been prevented or 
delayed, but the gestation had not been carried on to full term. In all 
these cases there was some evidence that the doses of gonadotropic 
hormone had been too large. In 671 the follicular development was 
marked, and in 693 and 695 the stimulation had led to the formation of 
a hemorrhagic follicle in one ovary. In the next animal the doses of 
gonadotropic hormone were therefore still further decreased. | 

699. Was hypophysectomized on the morning of the 23rd day after mating. Received 
0-25 mg. of M 2 immediately after the operation and 0-2 mg. the same evening. After that 
0-16 mg. of M 2 was injected every morning and 0-2 mg. every evening until the end of the 
experiment. No nest building was observed. On the morning of the 6th day after the 
operation one foetus was born. It was found dead, but from its appearance had probably 
been born alive. The same evening a live normal fetus was born. One or more foetuses 
. were born during the following night, but only partly eaten remains were found the next 
morning (i.e. 30 days after mating). On opening the abdomen the uterus was found to be 
empty. 

The reactivity of the uterus was then determined both in vivo and on isolated strips. It 
was found that the intravenous injection of 0-01 unit of pitocin (weight of animal = 2-45 kg.) 
produced contraction of both the longitudinal and circular muscle, recorded in situ. The 
addition of 0-001 unit of pitocin to 100 c.c. bath in which the muscle strip was suspended 
produced a motor effect. The reactivity of the muscle to oxytocin was thus similar to that 
found in the rabbit at normal parturition. 

On post-mortem examination the corpora lutea were found to be large, and histological 
examination showed a normal appearance for the time of parturition. The mammary gland 
was small and had undergone little or no development from the time of operation. Sections 
of the corpus luteum and of the mammary gland are shown in Fig. 3. A small drop of milk 
could be squeezed from the nipples. The pituitary was completely removed. 

As a control one animal (789) was ovariectomized and hypophysecto- 
mized on the morning (10.30 a.m.) of the 23rd day of pregnancy. It 
received 0-25 mg. of M 2 intramuscularly immediately after the opera- 
tion, 0-2 mg. the same evening and 0-16 mg. the next morning. The 
treatment was thus similar to that of 699. At about 9 a.m. on the 
morning after the operation three foetuses were aborted, one of which 
was still alive when found, and on the same afternoon between 2.0 and 
5.0 p.m. four more foetuses were aborted. No more were left in the 
uterus, In the absence of the ovaries, the administration of gonadotropic 
hormone to the hypophysectomized animal had thus not prevented the 
emptying of the uterus. 

In one animal (700) the usual operation preparatory to hypophy- 
sectomy was performed on the 22nd day of pregnancy, but the pituitary 
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was not sucked out and was found intact at post-mortem. The doses of 
gonadotropic hormone injected were the same as in 699. On the night 

of the 30th and 3lst day after mating four foetuses were born, but they 

were found dead in the morning. The animal had prepared a nest. The 

development of the mammary gland was normal and a stream of milk 

could be expressed from the nipples. 

Maintenance in animals hypophysectomized in the early stages. The 
pituitary was removed in six animals on the 3rd day and in one animal 
on the 4th day after mating. The operation was in all these cases per- 
formed in the morning and the first injection of gonadotropic hormone 
given immediately on recovery of the rabbit. A further injection was 
given in the evening, and twice daily doses were also given thereafter. 
The total amounts of M 2 injected are shown in Table I which also gives 
the details of the results. Laparotomy was performed on the 5th to the 
6th day after hypophysectomy and, in animals in which implantation 
had occurred, the uterine contents were again examined at a later 
period. 

It will be seen that implantations of the ovum occurred in four out of the seven rabbits. 


In one case (756) only one very early implant was seen on the 5th day after hypophysectomy 
and by the next day this had reabsorbed. In the other three cases several normal implants 


were found when laparotomy was performed 5 (757) or 6 days (748, 758) after pituitary 
removal. 

748 died on the 9th day after mating, but the further fate of the implants was studied 
in the other two animals. A second laparotomy was performed in 757 8 days after hypo- 
physectomy, by which time the uterine contents were reabsorbing. Similarly in 758 a 
second exploration on the 12th day after mating showed that the pregnancy had not been 
maintained and that the absorption of the uterine contents was taking place. Thus the 
treatment had in some cases been successful in maintaining the normal course of pregnancy 
for some 6 days after pituitary removal, but after that the uterine contents became re- 
absorbed, in spite of the continued injections of gonadotropic hormone. 


In two of the animals (747, 754) in which no implantation had occurred 
examination of the uterus showed that the level of luteal activity was 
below normal. In 747 only slight progestational proliferation of the 
endometrium was seen on the 10th day after mating, while in 754 the 
uterus showed no progestational proliferation whatever 9 days after 
coitus; in this latter case the corpora lutea showed marked atrophic 
changes, but in 754 the histological examination of the ovaries gave no 
evidence of the decreased luteal secretion as the corpora lutea appeared 
normal for that stage of pregnancy. The conditions found in 749 were even 
more unexpected in that, though no implantation had occurred by the 9th 
day after mating, the uterus showed quite marked progestational proli- 
feration, and the histological state of the corpora lutea was normal. The 
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conditions of the uterine endometrium and of the corpora lutea of 748 
in which two implants were found on the 9th day after mating were 
normal for that stage of pregnancy. A section of the corpus luteum is 
shown in Fig. 4. 

The results in 749 require some comment. 


For though the uterine endometrium showed a marked progestational proliferation 
5 days after hypophysectomy and the corpora lutea appeared normal, no implantation had 
occurred. It must be pointed out, however, that the doses of progesterone necessary to 
maintain pregnancy and to prod dometrial proliferation respectively are very different. 
Thus Courrier [1935] found that 0-5 mg. of progesterone per day was necessary to ensure 
implantation in rabbits ovariectomized on the 6th day of pregnancy. On the other hand, 
the daily injection of lees than 0-2 mg. of progesterone for 4 days is sufficient to produce a 
marked progestational proliferation (Robson, 19366]. Thus the daily dose of hormone 
necessary to maintain gestation is more than 24 times that necessary to lead to the typical 
proliferation, and the presence of this latter condition is thus not conclusive evidence that 
sufficient hormone is produced necessary for implantation. 

In three rabbits (756, 757, 758) in which the abdominal contents were examined after 
implantation, there was evidence that absorption of the implants was associated with a 
decrease (or cessation) of the luteal secretion. The uterus of 756 examined on the day after 
one very early implant (which quickly reabsorbed) had been found, still showed quite 
marked progestational proliferation, but there were some degenerative changes in the 
glandular epithelium. The corpora lutea appeared normal. In 757, in which the second 
laparotomy was performed on the 11th day after mating, the uterus showed only a small 
degree of progestational proliferation, and the presence of a number of small cells in the 
corpora lutea suggested that degenerative changes accompanied by cessation of secretory 
activity had occurred. The evidence at the end of the luteal activity in 758 examined for 
the second time 12 days after coitus was even more convincing. The uterus showed no 
progestational proliferation whatever, and definite atrophic changes were evident in the 
corpora lutea. 

Maintenance of pregnancy with gonadotropic hormone in animals 
hypophysectomized at about the mid-stage. The pituitary was removed in 
nine animals at periods varying from the 14th to the 17th day of preg- 
nancy. In all but two animals the operation was performed in the 
morning and the first dose of gonadotropic hormone was given im- 
mediately on recovery of the animal, a second dose being injected in the 
evening. Thereafter the hormone was given twice daily. In two rabbits 
(767, 769) the operation was done in the afternoon, and the first injection 
of gonadotropic hormone was administered in the evening. 

In the. first three animals the dose of gonadotropic hormone was similar to that which 
was sufficient to maintain pregnancy in the early stages (Table II). 745 received 0-4 mg. of 
M 2 per day, while 760 and 761 received 0-5 mg. per day in two doses. These animals aborted 
partly reabsorbed uterine contents on the 4th to 6th days after pituitary removal. The dose 
of gonadotropic hormone was therefore increased in the later experiments. 764 and 767 


were injected with 0-7 mg. of M 2 per day. Six days after hypophysectomy the uterus of 
767 contained six live normal foetuses'and two embryos in a state of partial reabsorption, 
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but the next day all the fostuses were absorbing. In the case of 764 the uterine contents were 
reabsorbing on the 6th day after hypophysectomy, though no abortion occurred. 

In the hope of still further extending the period of normal pregnancy after pituitary 
removal, the doses of gonadotropic hormone were again slightly increased. Three animals 
(769, 770, 771) received 0-7 mg. of M 2 per day for the first 3 days after hypophysectomy, 
and after that the daily doses were increased to 0-8 mg. Six days after the operation the 
uterus of 769 contained seven normal foetuses and one partly reabsorbed embryo, but after 
that the uterine contents quickly decreased in size (as judged from careful abdominal 
palpation and from the weight curve of the animal), and 11 days after hypophysectomy a 
second laparotomy showed that the uterus was nearly completely empty. In 770 the 
second operation was performed 7 days after pituitary removal and the uterine contents 
were then in the early stage of reabsorption, while 771 showed some reabsorption of the 
embryos 6 days after hypophysectomy. 

It was thought possible that the pregnancy might be maintained if the doses of gonado- 
tropic hormone were decreased after the animal had reached a later stage of pregnancy, 
since small doses of M 2 maintained gestation in animals operated on the 23rd to 24th days 
after mating. One rabbit (772) was therefore injected with 0-7 mg. of M 2 per day for the 
first 3 days after pituitary removal, with 0-8 mg. per day for the next 3 days, and then the 
dose was decreased to 0-4 mg. and again to 0-36 mg. per day. Six days after the operation 
the uterus contained live foetuses, and it is probable (from palpation and weight) that they 
were still alive on the next day. But the day after, dead foetuses showing early reabsorption 
were aborted. 


Examination of the ovaries of these nine animals gave the following 
results : The corpora lutea of 745, 760 and 761 showed definite degenerative 
changes, as compared with their condition at similar stages in normal 
pregnancy. This was especially marked in 745. In these animals the 
administration of gonadotropic hormone has thus not been successful in 
maintaining either the structure or the functional activity of the corpus 
luteum. On the other hand, no definite deviation from the normal could 
be seen in the corpora lutea of the other animals. This applied not only 
to 764, 767, 770, 771 and 772 in which animals the ovaries were removed 
when the foetuses showed only early stages of absorption and had been 
dead for 1 (or at most 2) days, but also to 769 in which the death of the 
foetuses had probably occurred 4 or 5 days before the examination, the 
injection of gonadotropic hormone having in the meantime been con- 
tinued. 

Follicular development was well marked in 709, 770, 771 and 772, 
being especially well marked in 770 and 771. 


On the possible extra-hypophyseal production of gonadotropic 
hormone during pregnancy 
There has been much controversy as to whether gonadotropic hor- 
mones are produced outside the pituitary during gestation, and it has 
been suggested that the human placenta may be a source of these 
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hormones. The fact that atrophy of the corpus luteum does not occur in 
the animals hypophysectomized in the later stages of gestation and 
injected with progesterone [Robson, 1936a] suggested the possibility 
that small quantities of gonadotropic hormone might still be produced 
under those conditions in the absence of the pituitary. In order to 
investigate this possibility advantage was taken of the fact that, after 
removal of the pituitary, the ovary rapidly loses its capacity to react to 
an intravenous injection of gonadotropic hormone. For if small amounts 
of the hormones were still produced after removal of the pituitary in the 
pregnant animal, it might be expected that the ovarian reactivity would 
be maintained for at least a slightly longer period (i.e. more than 3 days) 
than in non-pregnant animals. 

Three rabbits were hypophysectomized in the later stages of preg- 
nancy: the operation was performed on the 22nd day in 723, on the 
23rd day in 732, and on the 21st day in 734. In all these cases gestation 
was maintained by the injection of progesterone (0-75 mg. every morning 
and 1-125 mg. every evening). Three days after the pituitary removal 
each animal received 3-0 mg. of M 2 (i.e. about six times the ovulating 
dose) intravenously. 723 died on the day after this injection; there was 
no effect on the ovaries. A laparotomy was performed in 732 and 734 
2 days after the injection of gonadotropic hormone (and hence 5 days 
after pituitary removal). In neither of these animals was there any effect 
on the ovaries (i.e. no ovulation, no hwmorrhagic follicles, no enlarged 
follicles). The uterine contents were quite normal. 

A control experiment was done in 725. The usual operation was per- 
formed on the 23rd day of gestation, but the pituitary was not sucked out. 
Progesterone was injected in the same doses as given above, and 3 days 
after the operation 3-0 mg. of M 2 was injected intravenously. Two days 
later a laparotomy revealed the presence of eight ovulated follicles in the 
right and four ovulated follicles in the left ovary. The uterus contained 
six live and normal foetuses. The placente were kept and extracted with 
pyridine according to the method of Fevold et al. [1931], and an attempt 
was made to determine whether small amounts of gonadotropic hormone 
could be demonstrated in the extract (=5 c.c.). 

730 was hypophysectomized and received intramuscular injections of 
the placental extract: 0-5 c.c. was given twice daily on the day of the 
operation and on the next 4 days. On the 3rd day after the pituitary 
removal 5-0 mg. of M 2 was injected intravenously, and 3 days later the 
ovaries were examined at laparotomy. There was no effect. 

These experiments strongly suggest that during the later stages of 
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pregnancy there is not produced outside the pituitary gonadotropic 
hormone in sufficient amounts (or of the right type) to affect appreciably 
the reactivity of the ovary to gonadotropic hormone. 


Induction of lactation in the hypophysectomized pregnant animal 

In animals hypophysectomized in the later stages of gestation and 
injected with progestin little or no development of the mammary gland 
occurs after the pituitary removal [Robson, 19364]. Experiments were 
made to determine whether mammary growth and lactation could be 
induced by the administration of the lactogenic hormone of the anterior 
pituitary. Three rabbits (732, 742, 773) were hypophysectomized on the 
23rd, 20th and 21st days after mating respectively and injected with 
1-875 mg. of progesterone per day until the end of the experiment to 
maintain the gestation. Because the ovary does not react to gonado- 
tropic hormone after 3 days, and since it appeared possible that the 
gonadotropic hormone contained in the preparation of prolactin used 
might stimulate the ovary to excess cestrin production, an interval of 
3 days was allowed to elapse in two rabbits (742, 773) after pituitary 
removal. In the case of 732 the first injection of prolactin was given 
5 days after the hypophysectomy on the 23rd day of gestation, the lack 
of reaction to gonadotropic hormone having in the meantime been 
established (see above). 

The animals received 10 mg. of the prolactin preparation twice a day 
intramuscularly in suspension in Ringer-Locke solution. These injections 
were continued until the end of the experiment. Some 48 hours after the 
first injection one or a few drops of milk could be expressed from the 
nipples, and after another 24 hours the pressure expressed a continuous 
stream. In the case of 732 and 773, in which the injections of prolactin 
were continued for longer than 4 days, the stream of milk became quite 
profuse after the 4th day. On inspection of the abdomen it was quite 
obvious that the mammary gland was increasing in size,.and this was 
most marked in 773, though the gland was not as large as in a normal 
pregnancy. 

732 went into parturition on the 33rd day after mating, but died when 
one foetus had been expelled into the vagina. Six normal foetuses were 
left in the uterus. 742 died on the 28th day of pregnancy, and the 
uterine contents were also normal. 773 was alive and well on the 32nd 
day after mating, but as it had not gone into parturition by that time, it 
was killed in order to obtain fresh material for weighing and histological 
examination. The uterus contained four normal foetuses. 
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None of these animals injected with prolactin made the slightest 
attempt to prepare a nest. An effect similar to that produced with 
prolactin in the rat by Riddle et al. [1935] was thus not obtained in the 
hypophysectomized pregnant rabbit. 

The mammary glands of the pregnant animals were dissected off and 
weighed and sections cut. A micro-photograph of that of 773 is shown in 
Fig. 5. The data are given in Table III which also include, for com- 
parison, results obtained in three animals hypophysectomized at earlier 


Tastez III. Showing the effect of prolactin injections on the weight of the mammary gland 
of pregnant animals. All animals were treated with progesterone after the pituitary 
removal. The data given in columns 2 and 3 refer to days after mating. 


Day of wn sa 
BE Duration of gland 
y- 

sectomy Dayof prolactin Wi of Post-mortem 
no. performed mortem days g- kg 
707 16 23 Nil 19-4 146 Complete 
711 16 27 Nil 13-3 od 
753 8 23 Nil 27-0 2-6 ~ 
732 23 33 5 43-0 2-7 Small necrotic 

742 20 27 4 30-0 2-7 plete 
773 21 32 8 46-0 ‘ 


stages of pregnancy and injected with progesterone but not with pro- 
lactin. In these latter three rabbits the uterine contents were also 


normal at the end of the experiment. It will be seen that the mammary 
gland from 773 was heavier than any of the others. The section (Fig. 5) 
should be compared with that of 711 (Fig. 1) removed on the 27th day 
of pregnancy. The active secretory state of the glands in animals treated 
with prolactin was evident from the sections of all three mammary glands. 
The results suggested that prolactin not only induces lactation but may 
be a factor in the mammary development which occurs in the rabbit in 
the latest stages of gestation. 


Discussion 
In an earlier investigation [Robson, 1936a] it was found that the 
later stages of pregnancy could be continued in the absence of the 
pituitary, provided that the luteal secretion was replaced by the injection 
of progesterone. The present additional experiments suggests that this 
holds good for the whole duration of gestation and that the function of 
the hypophysis, after the initiation of ovulation, consists essentially in 
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the control of the developing corpus luteum and its secretory function 
during pregnancy. It must, however, be noted that in no single experi- 
ment was the whole of gestation carried on in the absence of the pituitary, 
the longest period being 15 days (from the 8th to the 23rd day in rabbit 
753), and the above conclusion is the result of the integration of experi- 
ments over various periods of pregnancy. Further, there is one short 
period around the time of implantation about which it is at present not 
possible to arrive at a definite conclusion. For though normal implanta- 
tion was observed in the rabbits hypophysectomized on the day after 
mating and then injected with progesterone, the products of conception 
became absorbed very rapidly after the 9th day of gestation, and even 
when small doses of cestrone were administered in addition to the 
progesterone the result was the same. It is, of course, possible that the 
relative amounts of the two ovarian hormones present in any of these 
experiments was not suitable for the continued maintenance of pregnancy 
at this stage. It must be pointed out, however, that the effects on the 
uterine endometrium of the hormones administered were similar to those 
observed in a normal gestation. For the data and illustrations of Knaus 
[1930] show that an appreciable degree of progestational proliferation 
can still be recognized in the uterus on the 16th day of a normal pregnancy 
but that none is present on the 18th day. In the present experiments, 
too (summarized in Table IV), a progestational proliferation of + + was 


TasLz IV. Showing the degree of progestational proliferation and the condition of the 
uterine contents in animals hypophysectomized on the day after mating and injected 
with progesterone or with progesterone and oestrone. 


Animal Days after Uterine 
no Treatment con 
724 Progesterone ++ 13 Absor 
733 ue Nil 18 Absorbing 
741 Progesterone and cestrone +++ 12 * 
746 ” ” + + 16 eo 


present in the endometrium (of 740) on the 16th day after mating, though 
none was present (in 733) on the 18th day. It must be recognized, how- 
ever, that hormonic conditions suitable for the proliferation of the 
endometrium are not necessarily adequate for the maintenance of preg- 
nancy. Indeed, it was possible to maintain normal gestation by the 
injections of progesterone in animals hypophysectomized at about the 
time of implantation (8th day) though the possibility that sufficient 
pituitary hormones were present in the body to tide these rabbits over 
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a critical period cannot be ignored (it is known, however, that gonado- 
tropic hormones are rapidly excreted in the rabbit [Lipschutz & 
Vivaldi, 1934]). Further investigations on this question are necessary. 

The fate of the corpora lutea in these animals hypophysectomized in 
the earlier stages of gestation is also of interest. In rabbits in which the 
pituitary was removed on the 22nd and 23rd day of pregnancy it was 
found [Robson, 1936a] that the morphological condition of the corpora 
lutea at full term was similar to that seen in normal pregnancy. This is 
-not the case, however, in animals hypophysectomized earlier, viz. on the 
day after mating, on the 8th day of pregnancy and about the middle of 
gestation respectively. In all the animals of these three groups in which 
pregnancy was maintained for some time by the administration of pro- 
gesterone, the subsequent examination revealed degenerative changes, 
often very marked, in the corpora lutea. Thus it can be concluded that 
only in the later stages of gestation can the morphological structure of 
the corpus luteum be maintained in the absence of the pituitary. The 
reason for this is at present unknown, though recent experiments 
suggest that this maintenance of the luteal structure might be due to 
oestrin produced by the uterine contents. 

. The experiments in which administration of gonadotropic hormone led 
to the continuation of pregnancy in hypophysectomized animals have 
confirmed the view that the essential function of the pituitary, after 
ovulation, is the control of the luteal secretion (with the possible ex- 
ception of the period around implantation, discussed above). Again, 
however, only limited periods of gestation have been dealt with in any 
particular experiments, and the general conclusion has been integrated 
from series of such experiments performed at different times in preg- 
nancy. In these animals (in contradistinction to the pregnant hypophy- 
sectomized rabbits treated with progesterone) the morphological structure 
of the corpora lutea was maintained. There was also evidence derived 
from the condition of the endometrium that the secretory function of 
these corpora was continued. In the experiment in which normal im- 
plantation was observed (748) the endometrium excised at the same time 
showed a marked progestational proliferation; later on when the im- 
plants became absorbed the typical proliferation was less marked or 
absent,’ and degenerative changes could be seen in the endometrium, as 
well as in the corpora lutea (see Table I). Similarly, in animals hypophy- 
sectomized at about the mid-stage of pregnancy, degeneration of the 
corpora lutea occurred when the doses of gonadotropic hormone admini- 
stered were insufficient to maintain gestation, while the morphological 
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and histological appearance of the corpora lutea was normal in animals 
in which pregnancy was continued for some time (Table II). 

Sufficient data have not been obtained to arrive at any definite 
conclusions as to the amounts of gonadotropic hormone necessary to 
maintain the luteal secretion at various stages of pregnancy, and the 
question is of course complicated by possible variations in the nature 
of the hypophyseal gonadotropic secretion. Nevertheless, two facts 
appear to stand out, namely, (1) that the doses of hormone necessary 
in animals hypophysectomized at mid-stage of pregnancy are higher 
than at any other time (see data in Table II and compare with other 
results), and (2) that the amounts of hormone necessary in the latest 
stages of gestation are relatively small; indeed increase in the dosage 
administered at this stage leads to a premature termination of the 
pregnancy. It is of interest to note that these results are on the whole in 
agreement with those obtained by Hill [1934] for the gonadotropic 
hormone content of the pituitary of rabbits at different stages of preg- 
nancy, in that he found that the hormone content was highest at and 
after mid-pregnancy and decreased markedly towards parturition. This 
parallelism indeed suggests that the hormone content of the pituitary 
varies with its rate of secretion. 

The question now arises, how is the luteal function controlled during 
normal pregnancy, and more especially, how is the period of activity of 
the corpus luteum prolonged, as compared with pseudo-pregnancy? It 
is to be presumed from the results obtained that the maintenance of the 
luteal function is dependent on the presence in the body of a certain level 
of gonadotropic hormone and that the continued luteal activity beyond 
the period of pseudo-pregnancy results from an increase in the rate of 
production of gonadotropic hormone (since the amounts of hormone 
necessary for the maintenance of pregnancy in animals hypophysecto- 
mized at this stage are larger than at any other times), When these 
results were first obtained it appeared possible that the increase in the 
gonadotropic hormone level might result either (1) from an increased 
production of this hormone by the pituitary, or (2) from a production of 
additional amounts of the hormone in sites other than the pituitary 
(especially the placenta, which has been suggested as a site of gonado- 
tropic hormone secretion in the human). The results obtained on the loss 
of ovarian activity in rabbits hypophysectomized in the later stages of 
pregnancy and subsequently injected with progesterone suggest that 
there is no extra-hypophyseal production of gonadotropic hormone in 
the pregnant animal, and that therefore the increased level of hormone 
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necessary to maintain the luteal secretion after the first half of pregnancy 
is probably all derived from the pituitary. Such a conclusion also finds 
support in the results of Hill [1934] on the hormone content of the 
pituitary at different stages of pregnancy and of pseudo-pregnancy respec- 
tively, since he found that the level of hormone content of the pituitary 
rapidly dropped towards the end of pseudo-pregnancy, but was maintained 
at a high level when a true pregnancy was present. In this connexion the 
results of Allen & Heckel [1936], who found that the injection of estrin 
prolonged the period of activity of the corpus luteum of pseudo-pregnancy, 
are of interest. Their experiments suggest that the increased hypophyseal 
activity necessary to maintain the luteal secretion during pregnancy may 
well be controlled by cestrin produced by the uterine contents. 

It will be noted that in the above discussion no attempt was made to 
differentiate between different gonadotropic factors which may be in- 
volved in the control of the ovary during pregnancy. It is possible that 
the luteal activity is essentially dependent on the secretion of the 
luteinizing hormone, and that the production of the follicular maturation 
factor is held somewhat in abeyance during the course of gestation. As 
a further speculation it might be suggested that the decrease in the 
production of the luteinizing hormone towards the end of parturition 
is associated with an increase in the secretion of the follicular stimulating 
factor, resulting in an increased production of cestrin, and thus ultimately 
causing the changes in the uterine muscle which are normally found at 
parturition and which can be experimentally produced by the admini- 
stration of the cestrous hormone [Robson, 1933a, 6]. This hypothesis is 
here introduced merely as a possible guide to further investigations. 

It would thus appear that in the rabbit the presence of the uterine 
contents are the essential factor which controls the prolongation of the 
period of activity of the corpus luteum of pregnancy, and that this 
control is not a direct one, but is exerted through the agency of the 
anterior lobe, the secretory activity of which is stimulated when a 
gestation is present. Such, however, is not the mechanism found in all 
species, and it may be profitable at this stage to discuss in what respects the 
conditions differ in some other animals and to try and classify these condi- 
tions, It must be emphasized, however, that any attempt to produce such 
a classification must, of course, be very incomplete, as there exists many 
lacunsg in our knowledge of the hormonic control in a number of species. 
It is, however, possible to divide animals into three main groups, namely: 

(1) Those in which the pituitary and the corpora lutea are essential 
for the maintenance of gestation, the control of the luteal function — 
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being exerted essentially through the anterior ae (as in the 
rabbit). 

(2) Those in which the pituitary is not essential for the maintenance 
of the whole of gestation, but in which removal of the gland in the second 
half of pregnancy does not lead to atrophy of the corpus luteum (e.g. 
the mouse, the rat [Collip, 1934; Leblond & Nelson, 1937]). In these 
animals ovariectomy usually interrupts pregnancy, and it is to be pre- 
sumed therefore that the uterine contents control the luteal secretion 
directly or at least not through the agency of the anterior pituitary. 
(3) Those in which neither the pituitary nor the corpus luteum is 
essential for the maintenance of the whole of gestation. The guinea-pig 
appears definitely to belong to this group, since hypophysectomy in the 
later stages of gestation does not necessarily lead to abortion, although 
there is atrophy of the corpus luteum [Pencharz & Lyons, 1934]. 
Similarly ovariectomy in the guinea-pig does not always interrupt 
pregnancy. There are three other species in which removal of the ovaries 
is not always followed by an interruption of gestation, viz. the cat, the 
mare and the human [Courrier & Gros, 1935; Hart & Cole, 1934; 
Waldstein, 1929]. It is not known whether the pituitary can be 
removed in these animals without interfering with the normal develop- 
ment of the uterine contents, but there seems to be a distinct possibility 
that such is the case, It might, indeed, be suggested that in the animals 
of the third group the secretion of the pregnancy hormones, in the later 
stages of gestation, is vested in the uterine contents and possibly in the 
placenta. Indeed, Courrier & Gros [1936] have offered strong evidence 
that in the cat the placenta is a site of production of the luteal hormone. 
In the rat, too, it seems likely that the placenta may secrete the luteal 
hormone [Selye et al. 1935], though not sufficient to maintain a normal 
pregnancy. If, however, all but one of the foetuses are removed in the 
rat, then the placental activity may be sufficient to maintain gestation 
[Haterius, 1935]. The finding of progestin in the human placenta may 
also be evidence of its production in that organ [Adler e al. 1934; 
Lankeren, 1935}. All these rather scattered data support the view that 
in certain species the secretion of the corpus luteum is not necessary at 
some stages of pregnancy because the luteal hormone is produced else- 
where, Whether this extra-ovarian secretion of the luteal hormone is 
under the control of gonadotropic hormones also produced outside the 
pituitary is, of course, a question which 
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SuMMARY 


1, By the injection of progesterone, pregnancy was maintained for 
various periods in animals hypophysectomized on the day after mating, 
on the 8th day of gestation and at about the middle of pregnancy. The 
corpora lutea degenerated. Experiments on the maintenance of gestation 
in rabbits hypophysectomized in the later stages have been previously 
described [Robson, 1936a]. 

2. By the injection of small doses of gonadotropic hormone, preg- 
nancy was maintained in animals hypophysectomized at various stages, 
and the activity of the corpora lutea of pregnancy was also maintained. 
Animals hypophysectomized 3 days after mating showed normal im- 
plantation; gestation was maintained for at least 6 days in rabbits 
hypophysectomized at about the mid-stage. An animal in which the 
pituitary was removed on the 23rd day carried on to full term and gave 
birth to normal foetuses. 

3. Experiments are described which suggest that no extra-hypo- 
physeal gonadotropic hormone production occurs in the rabbit during 
pregnancy. 

4, The injection of prolactin into rabbits hypophysectomized in the 
later stages of pregnancy (and receiving progesterone) induced lactation. 
No nest building was observed. 

__ 6, The anterior pituitary secretion at various stages of pregnancy and 
the part played by the Sa activity in the maintenance of 
pregnancy are discussed. 


Research Council and from the Moray Fund of the University of Edinburgh. 
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DESCRIPTION OF PLATES I-III 


Prats I 


Fig. 1. Section of mammary gland on the 27th day of pregnancy (711). This animal was 
hypophysectomized 16 days after mating and the pregnancy was maintained by the 
injection of progesterone. The gland was small and weighed only 13-3 g. Compare 
with 773 treated with prolactin. x 3. 


Fig. 2. A shows implantation of ovum and progestational proliferation in an animal (726) 
on the 9th day after mating. This animal was hypophysectomized on the day after 
mating and received injections of progesterone. x5. B shows the atrophy of the 
corpus luteum. x 35. is 

TE 


Fig. 3, A, Mammary gland of animal 699 on the 30th day after mating, just after parturition. 
The pituitary was removed on the 23rd day of pregnancy, which was maintained by 
the injection of gonadotropic hormone. x 3. B, section of corpus luteum of the same 
animal on the 30th day after mating. The luteal function had been maintained. x 30. 


Prats Ill 


Fig. 4. Section of corpus luteum of animal 748, hypophysectomized 3 days after mating. 
The luteal activity was maintained by the injection of small doses of gonadotropic 
hormone, and on the 9th day four implantation sites were present. The ovaries were 
then removed. The uterus showed marked progestational proliferation. Compare with 
section of corpus luteum of 726, in which the luteal function was replaced by the 
injection of progesterone. x 20. 


Fig. 5. Section of mammary gland of rabbit 773, 11 days after hypophysectomy. The 
pituitary was removed on the 21st day of pregnancy which was then maintained by the 
injection of progesterone. Prolactin, injected for 8 days before the end of the experi- 


ment, brought about milk secretion and enlargement of the mammary gland which 
weighed 46 g. at the time of removal. x 4, 
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DISTRIBUTION OF CHLORIDE IN FROG’S SKELETAL 
MUSCLE IMMERSED IN SALINE SOLUTION 


By M. GRACE EGGLETON, PHILIP EGGLETON anp 
ALISON M, HAMILTON 


From the Department of Physiology, University of Edinburgh 
(Recewwed 12 March 1937) 


Ir has become increasingly believed, in the past few years, that muscles 
immersed in Ringer’s solutions behave as two-phase systems: one phase, 
constituting about one-quarter of the muscle by weight, is in free com- 
munication with the surrounding medium but is completely shut off in 
respect of most solutes from the second phase, which constitutes the 
remaining three-quarters of the muscle. The latter contains the protein, 
glycogen, carnosine, potassium, creatine phosphate and other organic 
phosphorus, together with most of the free creatine and inorganic 
phosphate; the former contains all the sodium and chloride, together with 
any crystalloid solutes which may have been added to the surrounding 
medium, The question as to whether this quarter of the muscle is identical 
with the anatomically defined interspaces is open to serious doubt, for 
no direct histological estimate has yielded so high a figure for its size. 
The evidence that one-quarter of the muscle can be regarded as 
interspaces in a physiological sense is the well-established fact that when 
muscles are brought into equilibrium with Ringer’s solutions containing 
the substance under investigation, the apparent concentration of the 
latter in the muscle is only one-quarter the concentration outside 
[Conway & Kane, 1934; Eggleton & Eggleton, 1933}. It is obvious 
that although this result is most simply explained on the “interspace” 
theory, two others, at least, are equally possible. Cell membranes are 
known to be able to maintain a concentration gradient between the two 
sides: if chloride were present in the muscle cells, say 85 p.c. of the 
muscle, at a concentration always one-eighth of its concentration in the 
remaining 15 p.c.—the “anatomical” interspaces (in free communication 
with the surrounding medium)—the muscle would contain the same 
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amount of chloride as if 25 p.c. of its substance were in communication 
with the external medium and the remaining 75 p.c. free from chloride. 
Alternatively, all the chloride might be present in only 15 p.c. of the 
muscle, but partially adsorbed on the surrounding cell walls. 
Correlation of the many facts known concerning the chemistry of 
muscle would be placed on a sounder basis if the three possibilities 
mentioned could be put to experimental test. In the case of substances 
which will not diffuse readily away from muscle, i.e. those which are 
present, either partially or completely, inside the cells, such experiments 
would be difficult, but in the case of chloride they should be possible; 
it has been known since the early part of the century that all the chloride 
present in muscle will diffuse readily away when the muscle is placed in a 
chloride-free solution. The fact that the chloride content of muscles 
brought into equilibrium with Ringer’s fluid is only one-fourth of that 
present in an equal weight of the latter has been shown independently 
by a number of workers, and the literature on the subject has been 
recently reviewed by Fenn [1936]. The experiments we have carried 
out during the past five years fully confirm their findings, and the 
following groups of experiments are presented as offering more clear-cut 
evidence regarding the actual distribution of this chloride in the muscle. 


METHODS 
The normal Ringer’s solution employed in this work had the com- 
 OO12 p.c. 
CaCl6H,O ... 0021 p.c. 


and the “nitrate-Ringer” contained equivalent amounts of the nitrates 
of Na, K and Ca. The solutions were buffered with NaHCO, except in 
those experiments in which the ratio of saline to muscle employed (1 : 1) 
was so small that very heavy buffering would have been necessary to 
maintain @ reaction other than that spontaneously established by the 
muscle, All equilibration experiments were carried out under partially 
anaerobic conditions. 

Heat rigor was induced by warming the muscles to 44° ©. for 5-6 
hours. This is a much longer period than is necessary for the establish- 
ment of the condition of rigor, but it was found that the transition from 
the chloride distribution characteristic of living muscles to the state 
ultimately reached at death took this time to be completed. 
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_All experiments refer only to the gastrocnemii, graciles and semi- 
membranosus muscles of the Hungarian frog (Rana esculenta) unless 
otherwise stated. 

Chloride estimation. The estimation of chloride in trichloroacetic acid 
extracts of muscle by the Volhardt procedure presents the difficulty 
that the precipitate of AgCl produced by the addition of excess AgNO, 
Temains suspended for hours in a fine, possibly colloidal form. Filtration 
or centrifugalization of the AgCl is without effect, and the modified 
technique of titrating in the presence of the Ag(l is inapplicable since 
this modification depends for its success on the flocculation of the 
precipitate. No simple method was found for eliminating the conditions 
bringing about the stabilization of the AgCl suspension (the presence of 
glycogen was found to be at least part of the cause), and recourse was 
had to an electrometric ~~ for which this fine dispersion is no 
disadvantage. 

Success was obtained at once, and the following technique, which 
has been in use for four years in the analysis of muscle and Ringer's 
fluids, has given complete satisfaction. The following concentration cell 
is set up: 


“Unknown” chloride solution | N/4 trichlosoncetio acid Ag 
in N/4 trichloroacetic acid saturated with AgCl 


and the fluid in the “unknown” half-cell is titrated with AgNO, until 
the £.m.¥. of the cell is reversed (Fig. 5). The z.m.¥. readings are made, 
not by means of a potentiometer and tapping key, but with a high- 
resistance voltmeter which is always in circuit and gives a continuous 
record of the #.m.¥. of the cell. The end-point of a titration is indicated 
by a large deflexion of the pointer (across the centre zero of the dial) 
in response to a single drop of AgNO, solution. Simplicity, with no 
sacrifice of accuracy, is thus attained by using the N/4 trichloroacetic acid 
saturated with AgCl (but otherwise free of Cl) for the reference electrode 
solution, for the electrolyte bridge, and for the preparation of the 
protein-free muscle extracts. The entire cell contains trichloroacetic acid 
in N/4 concentration. 

In the earlier work the high-resistance voltmeter took the form of a 
pair of thermionic valves, bridge-connected, and actuated from the 
lighting mains. Later a Campbell high-resistance galvanometer was 
used, with a series resistance of 5 megohms. In either case continuous 
readings could be made without any signs of polarization of the 
chloride cell. 
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The drop error of the burette sets the limit to accuracy with the 
apparatus for quantities down to 0-1 mg. of Cl. Smaller quantities have 
not been attempted. A series of tests performed with known quantities 
of chloride ranging from 0-5 to 30 mg. showed a standard deviation of 
0-03 ¢.c., both for N/10 and for N/50 AgNO,. The average size of a drop 
from the burette used is 0-04 c.c. 

The interfering effect of proteins and of amino compounds generally 
upon the £.M.¥. set up by Cl at a silver electrode suggested the necessity 
for determining whether such interference would result in a change in 


Fig. 1. Electrometric titration of chloride. For description see text. 


the end-point of the titration with AgNO,. Quantities of NaCl solution 
containing 0-48 mg. of Cl were therefore estimated, alone and in the 
presence of 10 mg. of each of the following: creatine, carnosine, urea, 
ammonium (as oxalate), uric acid, adenosine, About nine-tenths of the 
nitrogen in a trichloroacetic acid filtrate of muscle occurs in the form 
of one or other of these substances. None of them, even in the relatively 
high proportion used, affected the end-point of the titration to an extent 
distinguishable above the drop error of the burette. Even protein, from 
serum and muscle, produced no effect on the magnitude of the titre, 
although it appeared to lessen slightly the sharpness of the end-point. 
The silver electrodes are not permanently affected by any substance, 
including proteins, present in muscle. 
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Theory 1, Muscle chloride evenly distributed in muscle water 
If the muscle chloride were distributed throughout the muscle, a 


view not generally held, but recently tacitly assumed by Conway & 
Kane [1934] in calculating the diffusion coefficient of this ion through 
muscle, then any increase in the water content of the muscle should be 
accompanied by some increase in its chloride provided the chloride con- 
centration outside remained constant, and vice versa, Fenn et al. [1934] 


+1 
0 
a 

a a 

005 8006 007 08 0-09 0-10 


Cl’ content as p.c. of initial weight of muscle 
Fig. 2. The effect of change in water content of a muscle on ite chloride content. This was 


of the muscle varying inversely with its water content. 


induced by varying the tonicity of the surrounding saline (by addition of solid NaNO,) 
without altering ite Cl’ concentration. Each muscle pair is represented by a different 
symbol, the outer figure denoting the frog: © =frog 1, o=frog 2 and A =frog 3, and 
the inner, the type of muscle: e=gracilis, + =semimembranosus and o=gastro- 


looked for this relationship, but, in a series of muscles whose weight was 
changed by +8 to —12 p.c. as a result of soaking in Ringer’s solutions, 
could find no correlation between water and chloride change. Later, 
however, Fenn [1936] reported that the chloride content of muscles in 
slightly hypotonic Ringer’s solution was, in general, less than and that 
of muscles in slightly hypertonic solution greater than normal, though 
exceptions occurred. He did not state the extent of water shift in these 
experiments, but the statement suggests that water and chloride are 
moving in opposite directions. In our own experience this result was 
invariably obtained (Fig. 2). The chloride content of the muscle, which 
might be expected to increase as the muscle gains water from a hypotonic 
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solution and decrease as the muscle loses water to a hypertonic solution, 
shows a pronounced change in the opposite direction. 

The chloride content of the muscles is expressed in terms of the initial 
weight of the muscle in each case, since the starting condition of each of 
a pair, expressed in this form, is known to be the same; when expressed 
in any other way, either in terms of the final weight of the muscle or of 
its water content, the result is qualitatively similar but more exaggerated. 

The gastrocnemius, semimembranosus and gracilis muscles from three frogs were 
immersed in different Ringer's solutions (1 g. muscle to 10 c.c, solution) for 3 hours with 
frequent stirring. The chloride concentration of the solutions was in all cases 280 mg./100c.c., 
and the tonicity, which was varied from two-thirds to twice the normal, was adjusted by 
addition of solid sodium nitrate in appropriate quantity. The change in water content of 
the muscles was found by weighing before and after, the muscle in each case being previously 
wiped lightly on a moist filter paper. 


The use of sodium nitrate as a substitute for part of the chloride in Ringer’s solutions — 


requires a few words of explanation. This salt has the following advantages: it is near to 
* chloride in the Hofmeister series; it is ionized to practically the same extent as sodium 
chloride; it has a soluble calcium salt; and the mobility of the nitrate ion is only slightly 
less than that of chloride (Cl 65, NO, 62). Of these points, the last has an importance 
mainly in connexion with measurements of the rate of diffusion, for the exchange of two 
anions by diffusion occurs at a speed depending on the mobilities of both ions. 

Several points of interest illustrated in the graph, though not essential 
to the main argument, are worthy of note. In the first place, the general 
scatter of the points is not due in the main to random errors but to 
differences between frogs. It is seen that all three pairs of muscles of 
frog 2 (C1) have a higher chloride content than any muscle in the other 
two frogs, at all tonicities. If each pair of points is joined by a straight 
line, the point at which this crosses the ordinate 0 indicates the chloride 
content of each pair of muscles in strictly isotonic saline. In frog 2 these 
values range from 80 to 91 mg./100 g. muscle, in frog 1 from 58 to 67 
and in frog 3 from 54 to 63. Since the surrounding medium in all cases 
contained 280 mg. Cl/100 c.c. the chloride content of the muscle would 
have been 28-32 p.c. of its concentration in the Ringer’s fluid in frog 2 
and 19-24 p.c. in the other two. The value of 30 p.c. is not infrequently 
met with, though considerably higher than the average, but the differ- 
ences would appear to be inherent in the frogs themselves, for they were 
all treated alike before the experiment and were subsequently mixed 
thoroughly, two muscles from each frog being placed in each of nine 
different solutions. 

Another point of interest brought out by the graph is that, although 
the extent of change in chloride concentration for a given change in water 
content 1s not identical for all muscles (as can be seen from the varying 
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slopes of lines joining the pairs of points) this variability is not haphazard. 
For a 10 p.c. change in water content of the muscle, the groups of muscles 
show the following change of chloride content (in the opposite direction): 
graciles, 12, 9 and 12 mg. Cl/100 g. muscle; gastrocnemii, 16}, 154 and 13; 
semimembranosus, 18, 18} and 17. A discussion of the meaning of these 
results would be out of place here, but the results themselves — 
the necessity of using only pairs of muscles for comparison. 

These results definitely negative the suggestion that chloride is dis- 
tributed throughout the water of the muscle, but support the idea that 
one part of the muscle, the “interspaces”, are in effect part of the 
Ringer’s fluid, and the “cells” osmotically separate: Thus, in hypotonic 
solutions the “cells” absorb water, leaving the “‘interspaces” relatively 
small, while in hypertonic solutions the “cells” lose water and the 
“interspaces”’ are enlarged, an idea first put forward by Overton in 
1902 on other grounds. It seems likely that this inverse relation between 
size of “cells” and “‘interspactes” may be caused by mechanical factors. 
The fascia surrounding the muscle will offer some resistance to swelling, 
so that the “interspaces” will be literally squeezed smaller by the swollen 
“cells”. On the other hand, it is not primarily an elastic structure; it 
will not follow closely the decrease in volume of the “cells” when the 
muscle shrinks in hypertonic saline and the “interspaces” will be 
necessarily 

It is clear, therefore, that the chloride-containing part of the muscle 
can be considered as part of the surrounding medium and separated by 
membranes impermeable to chloride (but not to water) from the main 
bulk of the muscle tissue. It is natural to expect that these two phases 
might be identical with the cells and interspaces seen by the histologist, 
but, as already mentioned, the chloride-containing fraction is larger than 
the generally accepted figure for interspace volume. One explanation of 
this. discrepancy, not negatived by the experiments quoted, is that the 
chloride-containing space is in fact only of the same size as the interspace 
volume, but that some chloride is adsorbed on the cell membranes. 


| Adsorption of chloride in muscle 
| Thie -possibility can readily be tested by comparing the relation 
between the chloride concentration of muscle and of Ringer’s solution in 
a series of muscles brought into equilibrium with varying concentrations 
of chloride. If adsorption is concerned in maintaining the chloride inside 
the muscle, there will be no linear relationship between these two values, 
for the degree of adsorption is proportional to. a lower power of the 
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concentration than the first. Some experiments recorded by Fenn et al. 
[1934] suggest that there is a linear relationship, but are far from satis- 
factory as proof of the point; the scatter of experimental results appears 
to have been so great that muscles in hypertonic saline (0-9 p.c. NaCl) 
were indistinguishable from those in isotonic solution, a result difficult 
to reconcile with the effect of hypertonic solutions discussed above. 
Their conclusion, however, was correct. The results recorded in Fig. 3 
(curve I) show that adsorption cannot be concerned. There is a constant 
relationship between the chloride concentration of muscle and Ringer’s 
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Fig. 3. The concentration of chloride in muscles plotted against the chloride concentration 
in Ringer’s fluid with which they were in diffusion equilibrium in respect of chloride. 
Curve 1, living muscles; curve II, muscles in heat rigor. 


fluid over a range of 60-440 mg. Cl/100 o.c, solution, Moreover, the 
straight line joining the experimental points passes through the origin, 
a result inconsistent with the existence of any indiffusible chloride in the 
muscle, The results can only be explained on the hypothesis that there is 
free osmotic interchange between the Ringer’s fluid and some part of 
the muscle. The proportion of the muscle involved in the exchange is 
given by the slope of the line—24 p.c. in these experiments. Similar 
experiments performed on muscles in heat rigor yield also a straight line 
(curve IT, Fig. 3), as one would expect, and in this case the slope of the 
line indicates that 85 p.c. of the muscle is involved in the chloride 


exchange; that is to say, the total water of the muscle is now involved, — 


for the remaining 15 p.c. consists of protein. 
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In view of what has been already said concerning the variabilit:: of the size of the 
chloride-containing fraction in different muscles and in different frogs, it is not surprising 
to find a certain degree of scatter in each group of points on curve I. In dead muscles, 
however, one would expect this variability to disappear, since the muscle is now a homo- 
geneous medium as regards the diffusion of chloride; yet the scatter of points on curve II 
is as equally well marked as on curve I. The explanation of this fact, as also of the high 
average water content of the muscles (85 p.c.) would appear to be due to a combination of 
two processes: (a) loss of solid matter, for all the constituents of muscle present in any 
considerable amount (carnosine, phosphate, lactate, etc.) are known to diffuse out freely 
from such muscles, and (6) absorption of water. The variability in the proportion of chloride 
concentration in these muscles to the chloride concentration in the Ringer’s fluid (0-81- 
0-88 deduced from curve IT) is probably due to this second factor, for it is a matter of 

that the increase in weight varies considerably from muscle to muscle. Some 
direct estimations made by Dr Ghaffar (to whom we are indebted for permission to make 
reference to the results) showed the water content of muscles in rigor, soaked in Ringer’s 
fluid, to be 83-86 p.c. (average 844) of their initial weight. In all cases the muscles were 
wiped lightly on moist filter paper before being weighed. 


In the preceding experiments the muscles were equilibrated with a 
relatively large volume of Ringer’s fluid and both muscle and fluid were 
analysed at the end. The point under discussion can be tested equally 
well without direct analysis of the muscles. Such a method is of value 
in that the muscles, whose composition as regards distribution of chloride 
is now known, can subsequently be used for further investigation, and 
the method is therefore briefly described. 

Weighed batches of muscles were placed in Ringer’s solutions of 
varying chloride content, the ratio of muscle weight to volume of Ringer’s 
solution being kept constant, usually unity. After 3-5 hours, with 
frequent stirring, the muscles were removed and the Ringer’s fluids 
analysed. The values obtained (the ordinates in Fig. 4 A), when plotted 
against the initial chloride concentration of the Ringer’s fluid in each case 
(abscisse), fall upon a straight line which, in the particular experiment 
represented, intersects with the diagonal at a point corresponding to a 
concentration of 1-55 mg. Cl/g. of Ringer’s solution. No exchange of 
chloride would have occurred, therefore, between these muscles and a 
Ringer’s solution containing this concentration of chloride. Higher 
initial concentrations of chloride in the Ringer’s solution resulted in 
diffusion into the muscle, lower values resulted in diffusion from the 
muscle into the solution. Following the rule arrived at before, that the 
concentration of chloride in the living muscle is only one-quarter of that 
in the Ringer’s fluid with which it is in equilibrium, we arrive at the 
conclusion that this batch of muscles must have contained 0-25 x 1-55 
(=0-839) mg, Cl/g. They were not actually analysed, but the calculated 
value falls within the range found by direct estimation (0-28-0-58). In 
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another experiment of the same character, all the muscles used were 
first equilibrated with a Ringer’s solution which, at the end of the period 
of immersion, was found to contain 2:32 mg. Cl/g. They were then used 
for an experiment exactly similar to that of Fig. 4 A, and the results 
(Fig. 4B) showed, as was to be expected, that the equilibrium con- 
centration was now 2-3 mg. Cl/g. of Ringer’s solution. | 

The experiments of Fig. 4 A and B contain more information than 
the value of the equilibrium concentration. The slopes of the lines upon 
which the experimental points lie, together with the known ratio of 


mg. Cl/g. of Ringer’s fluid initially 


Fig. 4. Determination of the concentration of chloride in muscles by measurement of 


changes in the chloride content of the surrounding Ringer’s fluid. In A the muscles 
had been taken direct from the frog: in B they had first been equilibrated with Ringer's 
solution containing 2-32 mg. Cl/g. For details of experiment, see text. 


ar 


muscle to Ringer’s fluid in each “mixture’’, tell us what proportion of 
the muscle consisted of water capable of dissolving chloride. The calcu- 
lation takes the form of applying a “mixture law’, and the answer 
obtained is 24 p.c. in both the experiments illustrated in Fig.4. 
It is clearly not necessary, since the lines are straight lines, to have 
more than two experimental points from which to calculate the equili- 
brium value and the proportion of musclé water involved. One pair of 
muscles will suffice, and an algebraic calculation can take the place of 
the graphical construction used in Fig. 4. This method has already been 
used in determining the equilibrium value of creatine [P. Eggleton, 
1930], inorganic phosphate [M. G. Eggleton, 1933] and lactate 
[Ghaffar, 1935], to which reference should be made for the form of - 
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calculation. Complete justification for its use could not then be given; 
the experiments described in this paper provide, we believe, sufficient 
evidence of the soundness of the method. 


The rate of diffusion of chloride through muscle 


_ Experiments were performed to see if the alteration in the state of 
muscle tissue brought about at death was reflected by a change in the 
rate of diffusion of chloride through the tissue. If 85 p.c. of dead muscle, 
but only 25 p.c. of living, is permeable to chloride, a difference is to be 
expected. The experiments took the following course. 

A double thigh preparation of known surface area (A) was first 
allowed to come into equilibrium with Ringer’s solution (6 hours suffice 
for this) and the effective concentration (C) of chloride in the tissue was 
thus known, since on any hypothesis it must equal that in the Ringer’s 
solution. Adherent saline was blotted off with filter paper damped with 
the same Ringer’s fluid and the preparation was immersed for a measured 
time (usually $ min.) in 20-30 c.c. of stirred “nitrate-Ringer”, in which 
nitrate took the place of the chloride of normal Ringer’s solution. The 
preparation was then transferred as rapidly as possible to a second 
sample of nitrate-Ringer for a second measured period; then to a third, 
and so on. The successive intervals were chosen to give approximately 
equal amounts of diffusion, though this was not essential. Now it was 
predicted by A. V. Hill [1928] and found by Eggleton e¢ al, [1928] in 
the case of lactate, that with such a preparation the amount diffused 
away (P) in time ¢ is given by the relation 


. where & is a diffusion constant. A graph relating 4 to +/t for any 


such experiment should be a straight line, of which the slope measures - 
Vk, and this is found to be approximately the case for chloride in these 
experiments (see Fig. 5). There are, however, at least two disturbing 
influences to be considered in assessing the results. One is the practical 
impossibility of removing all the adherent saline from the surface of the 
preparation before the first immersion period. This results in a falsely 
high apparent rate of diffusion in the first half-minute. The second 
complication is that in the present experiments it is the rate of exchange 
of chloride and nitrate ions which is being measured. The apparent 
“diffusion constant” is therefore not that of chloride, nor of nitrate, but 
some function of both. Moreover, any effect produced by the nitrate ion 
PH. XC. | 12 
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on the structure of the tissue will progressively affect the diffusion rate. 
The mobility of the nitrate ion is not very different from that of chloride, 
however, and it does not seem to have a toxic action except in the 
complete absence of chloride, when a certain amount of fibrillary 
twitching is sometimes observable. 


Fig. 5. The diffusion of chloride ions from living and dead muscles into nitrate-Ringer. 
The amount (P).diffused up to time ¢ has been divided by the surface area (A) and the 
initial chloride concentration (C’) of the preparation in each case, and is plotted against 
o/t. Chloride diffuses through living muscles 25-30 times more slowly than througb ? 
agar gels. | 
At the end of each experiment with living muscle the preparation 

was returned to normal Ringer’s fluid, kept at 40°C. for 6 hours to | 

establish heat rigor and overnight at 4° C., when the effective chloride 

concentration in the now dead muscles was taken to be equal to that in 

the surrounding fluid. The dead preparation was then used for deter- 

mining the value of k as described. | 
Similar experiments were performed with Ringer’s solution made solid 

by the addition of 1 p.c. of agar. The jellies were allowed to set in test- 

tubes of known cross-sectional area and the diffusion studied by exposing 


minutes 
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the surface of the jelly to successive quantities of nitrate-Ringer. The 
results are contained in Fig. 5. This technique has been described by 
Eggleton et al. [1928]. The behaviour of agar gels followed very closely 
the “square-root law”; the slight but invariable deviations from the law 
exhibited by living and dead muscles must be attributed to their 
structure, in so far as it is not accounted for by the “adherent saline” 
error already discussed. Approximate values of k read off from Fig. 5 


Agar gel... 1-3 x 10-* cm.?/min. 
Dead muscle 42x10 om.4/min. 
Livmg muscle ... 49x10-cm.*/min. 


It is well known that chloride diffuses with great rapidity; its rate of 
diffusion through agar gel appears to be approximately three times as 
fast as that of creatine, inorganic phosphate or lactate [Eggleton et al. 


_ 1928]. It is to be expected therefore that chloride should diffuse more 


rapidly through tissues than the other ions mentioned. In view of this 
inherent difference in the diffusion rates of different anions, it is difficult 
to understand the results of Conway & Kane [1934], who state that 
“the diffusion coefficient through the frog’s sartorius of the four anions, 
sulphate, chloride, phosphate and lactate is the same within the limits 
of sampling error”. Ghaffar [1935] found in similar experiments with 
iodide values of 0-9 x 10-* (agar gels), 8-5 x 10-* (muscles in heat rigor), 
and 12 x 10-5 (fresh muscles). 

The results given above indicate that chloride diffuses from dead 
muscle approximately nine times as rapidly as from living muscle. The 
equilibrium experiments already described would lead us to expect just 
such a difference, since in any cross-section of living muscle only 25 p.c. 
of the area is available for diffusion of chloride, whereas in the dead 
muscle 85 p.c. is available, or 3-4 times more surface. Other things being 
equal, this should allow diffusion to be (3-4)* or 11-5 times as rapid 
through the dead muscle as through the living (see equation). Since, 
however, even dead muscle tissue offers greater resistance to diffusion 
than agar gels, it is clear that the situation is not as simple as this 


argument suggests. 
Chloride distribution in muscles in vivo 
Fenn et al. [1934] noted that although the “interspaces” of muscles 
(as determined by chloride measurements) were about 30 p.c. of the 
muscle soaked in Ringer’s solution, in the body this value was only 


14 p.c. Later, Fenn & Cobb [1935] found that muscles soaked in 
| 12—2 
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frog’s plasma, containing either 1 or 9 p.c. CO,, were little different from 
those in Ringer’s solution, an average value of 25 p.c. being obtained on 
muscles whose ‘‘interspaces” while in the body had been only 11 p.c. 
This increase of “‘interspaces” was unaffected by (a) chilling the frog 
before the brain was crushed prior to dissection ; (b) doubling the heparin 
used in preparation of the plasma; or (c) causing a contracture of the 
muscle by placing it against the frog’s skin. 

Our own investigations on this subject have also yielded mainly 
negative-results and will be recorded briefly. Denervation of the muscle, 
with circulation intact or not, does not result in any increase in “‘inter- 
spaces” in the course of 8 hours; the effect of nerve degeneration following 
section has not been studied. On the other hand, perfusion of the hind- 
limbs with Ringer’s solution results in a rapid increase of “‘interspaces”’ 
of the muscles to their usual value when soaked in Ringer’s solution. 


Fenn [1936] noted also a partial increase under these conditions. — 


Neither pituitrin (10-*-10-"), adrenaline, nor adrenal cortex, when 
added to the Ringer’s solution, had any consistent action in preventing 
_ or delaying the usual increase in the proportion of interspaces. M/200 
NaF gave interspace values not significantly different from companion 
muscles in normal Ringer’s fluid. A fivefold increase in the calcium 
content of Ringer’s solution, approximation of its salt content to that 
in frog’s plasma, and use of gum saline, were all similarly without effect. 
The use of frog’s serum in place of Ringer’s solution was the only way 
found by which the increase of ‘“‘interspaces” could be prevented, even 


TaBxz I. The effect of soaking frog’s muscle in its own blood serum in vitro 
on the proportion of the muscle occupied by chloride 


Concentration of chloride in muscle as p.c. of its 
concentration in the surrounding medium 


Muscle In body Inserum _In Ringer's fluid 

i 18-5 23-5 
Semitendinosus 17-5 25-5 — 
Cutaneo-crural 21 30 
Sartorius — 31-5 36 
31 41 
Sartorius 26-5 29 

Semitendinosus 27-5 33-5 


partially, The results obtained are shown in Table I. Owing to the small 
quantities of serum available, only the small, thin muscles (having 
relatively large interspace volumes) were used in these experiments. 


1 Eschatin, kindly supplied by Messrs Parke, Davis and Co. 
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Thus, the cause of the observed increase of “‘interspaces” in muscles 
perfused or soaked in fluids other than their natural tissue fluid, is at 


present unknown. As a fact, however, its recognition is important, for 


experiments performed on muscles during the early period of their 
immersion in Ringer’s solution, in which the ‘‘interspaces” are increasing, 
will be difficult to interpret. kailure to recognize this change, for example, 
led Conway & Kane [1934], in their measurement of rate of diffusion 
of chloride, to introduce a factor of 0-3, whereas this factor should have 
been 0-15 or so at the beginning of the experiment and increased as the 
“interspaces” enlarged ; the results are therefore meaningless. 

It must also be borne in mind that the restriction of chloride to the 
“interspaces” of muscle has been proved only in the case of isolated 
muscles soaked in Ringer’s solution. Although it seems likely that the 
chloride of muscles in vivo is present in the same situation, further work 
on the behaviour of muscles in the body will be necessary before this can 


be accepted as proven. 
SuMMARY 


1. In isolated frog’s muscles brought into equilibrium with Ringer’s 
solution of constant chloride concentration but varying tonicity, the 
chloride concentration varies inversely with their water content. 

2. The ratio of chloride concentration in muscle to chloride concen- 
tration in isotonic Ringer’s solution is constant over a wide range of 
variation in the chloride content of the latter (0-5-4-4 mg. Cl/c.c.) when 
isolated frog’s muscles are brought into equilibrium with it. The ratio 
in the case of living muscles is about 0-24, and in the case of muscles in 
rigor 0-85. Such results obtained by direct analysis of the muscles are 
corroborated by equilibrium experiments involving analysis of the 
Ringer’s solutions only. 

8. These results lead to the conclusion that the chloride present in 
such muscles is contained in only one-quarter of the muscle and is free to 
diffuse to or from the surrounding medium. 

4. Additional support to the conclusion that regions comprising 


: three-quarters of the muscle are completely impermeable to chloride is 


given by the observation that the rate of diffusion of chloride from living 
muscles is only one-tenth of that from dead muscles, in which chloride 
is free to diffuse throughout the muscle substance. 

5. The preceding statements refer only to muscles equilibrated with 
Ringer’s solution. In the body only 10-15 p.c. of the muscle substance 
is occupied by chloride. Various possible factors concerned in this change 
have been investigated. 
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6. Attention is drawn to the variability in behaviour of muscles from 
different frogs and of different muscles in the same frog, and to the con- 
sistency in behaviour of muscle pairs. 

7. An electrometric titration method is described for analysis of 
chloride. It is rapid, can be applied to trichloroacetic acid filtrates of 
tissues, and is unaffected by the presence of glycogen or any nitrogenous 
constituents found in muscle. 
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EVIDENCE FOR ELECTRICAL TRANSMISSION 
IN NERVE. PART I 


By A. L. HODGKIN ! 
From the Department of Physiology, Cambridge 
(Recewed 18 March 1937) 


Tis paper is concerned with the way in which activity is transmitted in 
medullated nerve. The most widely accepted theory is that transmission 
depends upon excitation by the action current. The theory is a plausible 
one, since the nervous impulse and electrical change travel at the same 
speed and have many similar properties. Moreover, the amplitude and 
duration of the action current are not very different from those of an 
effective electrical stimulus. The theory may be formulated more pre- 
cisely by saying that each section of nerve is excited by the local electric 
circuits produced by the activity of adjacent parts. This process is 
possible, since the direction of the electric change is such that the local 
circuits set up by an active region would excite a resting one. Many 
properties of nerve and muscle can be explained on this basis, but it is 
difficult to accept the theory until more is known about the nature of the 
local circuits on which transmission is supposed to depend. The funda- 
mental question is to decide whether the local circuits set up by an 
active region of a nerve fibre are able to excite an adjacent part. The 
present work was undertaken with the object of answering this question. 

The method which has been employed consisted in blocking con- 
duction in one section of nerve and observing any changes which were 
transmitted through the block. The starting point for the research was 
provided by an observation which has since been recorded by Blair & 
Erlanger [1936]. It was found that an impulse which arrived at a 
blocked region could increase excitability in the nerve beyond the block. 
Another way of describing the phenomenon is to say that a blocked 
impulse can sum with a subthreshold electric shock. My own obser- 
vations were originally made in the following way. A nerve was blocked 
by the action of local cold. When the block was complete a maximal 
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shock S, applied to A produced no response at C (Fig. 1), A sub- 
threshold shock S, was then applied to B; since this was below threshold, 
it also produced no response. However, if the two shocks were combined 
so that S, followed S, by 1 or 2 msec., impulses were set up and could 
be detected at C. Clearly the volley of blocked impulses increased the 
excitability beyond the block and enabled S, to excite. Subsequent 
experiments showed that the increase in excitability lasted for a few 
milliseconds, and that it might involve a decrease of 90 p.c. in the 
electrical threshold. 


Fig. 1. Fig. 2. 


This kind of summation can be observed in various ways; thus Blair 
& Erlanger [1936] found that it occurred in anodally polarized nerves, 
and I have observed it at pressure as well as at cold blocks. The im- 
portant point about the observation is that it provides a method of 
testing theories of nervous transmission. According to an electrical theory 
the explanation of summation would be that eddy currents spread 
through the block and increase excitability in the nerve beyond. Fig. 2 
shows how the conventional local circuit diagram can be extended to 
explain the interaction between blocked impulse and subthreshold shock. 
If the flow of current beyond the block was just below threshold, an 
impulse would not traverse the block, but it would produce a large 
increase in excitability. The electrical view of nervous transmission 
would be considerably strengthened if it could be shown that the 
increase in excitability was produced in this way. If the local circuits set 
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up by a blocked impulse caused a 90 p.c. decrease in threshold, there is 
a strong probability that those associated with a normal impulse would 
produce a decrease of at least 100 p.c. and could therefore transmit 
activity electrically. The general aim of this research is to discover how 
far propagation depends upon excitation by electric currents; its im- 
mediate concern is to decide whether the increase in excitability near a 
block is produced by local circuits. 


APPARATUS AND METHOD 


I. Nerves employed 
Sciatic nerves of Hungarian frogs (Rana esculenta) or of English Rana 
temporaria were employed. These were dissected from the spine to the 
knee, and sometimes the dissection of peroneal and tibial meanches was 
to the ankle. 


II. Methods of blocking nerve conduction 


(a) Cold block. Boyd & Ets [1934] have shown that two kinds of 
low-temperature block may be distinguished. If supercooling is avoided, 
conduction is abolished at a temperature of about —1° C. and returns at 
once when the nerve is rewarmed. If supercooling is allowed, the nerve 
may be cooled to —6° C. before it freezes, and in‘this case recovery only 
occurs after long delay. In the present work the first, reversible, type of 
block was employed. One end of a silver rod was cooled in ice and salt, 
the other projected into the moist chamber and made contact with the 
nerve, The temperature was controlled by adjusting the length of rod in 
contact with the freezing mixture. The end of the rod was tapered, so 
that different lengths of nerve (from 3 to 5 mm.) could be cooled. Boyd 
& Ets, who used an arrangement of this kind, showed that certain 
precautions must be observed if supercooling is to be avoided. They 
found that supercooling occurred when the rod was sealed with vaseline 
into an ebonite chamber, and that reversible blocks could be obtained 
only if the rod fitted loosely into the chamber wall. Their explanation 
of this result is that condensed water first freezes near the cold end of the 
rod, and that the film of ice which subsequently creeps up the rod pre- 
vents supercooling of the nerve. A vaseline seal interrupts the spread of 
the ice film and supercooling occurs beyond it. In my experiments the 
rod was embedded in a wax chamber, and in order to avoid supercooling 
a slit was cut in the chamber wall, in such a way as to expose one side 
of the rod to the air throughout its entire length. 
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(b) Pressure block. The nerve was compressed between two blocks of 
ebonite which were covered with thin rubber pads. Pressure was applied 
by resting weights on a platform connected to one of the blocks. Two or 
three millimetres of nerve were compressed and a weight of about 30 g. 
used. With this arrangement conduction was abolished after about 
20 min. This type of block was only partially reversible, so that the time 
available for experiments was often rather short. 7 

Electrode system. Bright silver was used for stimulating and recording 
electrodes. The use of metallic electrodes was necessitated by the rather 
unusual requirements of the research. In order to obtain the curves 
described on p. 197 it was necessary to measure the distribution of 
potential over a few millimetres of nerve. Satisfactory results could only 
be obtained if the whole operation was made within a few minutes, and 
if the conditions at the block remained constant. For these reasons it 
was impracticable to use a single movable electrode, and it was necessary 
to lead off from the nerve with several electrodes. It is difficult to arrange 
that four or five calomel electrodes make contact within a centimetre of 
nerve. With the ordinary systems fluid tends to collect round the elec- 
trodes, and this is obviously undesirable when the leads are only a milli- 
metre apart. The accumulation of fluid might be avoided if cotton strands 
soaked in saline or fine capillary tubes were used as leads. These would 
necessarily have a high resistance and would therefore increase the danger 
of recording artefacts [see Bishop e al. 1926]. For these reasons metallic 
electrodes were employed, and potentials near the bloek were recorded 
by resting the nerve on a grid of fine silver strips, each 0-2 mm. thick and 
1-2 mm. apart. The whole system of electrodes and block was sealed 
into a paraffin wax chamber. This was washed and dried after each 
experiment, and as an additional precaution against electrical leaks the 
surface was rewaxed after the chamber had been used for a few weeks. 

There are two important objections to the use of metallic electrodes. 
In the first place, polarization may distort the wave form of the potential 
recorded by the amplifier. Now the input resistance of the amplifier was 
0-5 megohm, and the potentials recorded were for the most part about 
1 mV. in amplitude and 1-10 msec. in duration. Thus the total charge 
crossing the electrodes was of the order of 10-“ coulomb, and it is 
unlikely that this could have produced much polarization. The possibility 
that the electrodes might introduce some wave-form distortion was 
tested in the following way. A potential difference, 5 mV. in amplitude 
and 2-5 msec, in duration, was applied to the amplifier through the nerve 
and electrodes. The quantity of current crossing the electrodes was, 
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therefore, about the same as that drawn from the nerve in activity. If 


- polarization affected the form of the action potential, it should also have 


modified the form of the rectangular pulse. The record obtained by 
calibrating the amplifier through the nerve was compared with one 
obtained by calibrating through 15,000 ohms. Since these were found to 
be identical, it was concluded that polarization did not introduce any 
serious wave form distortion. 

The second objection to the use of metallic electrodes is that polari- 
zation may affect the form of the stimulating current. This leads to 
serious errors in some experiments, but the objection does not apply to 
the present research where the exact form of the stimulus was of no 
importance. 

Stumulating apparatus. Condenser discharges were sometimes used 
for stimulating, but for the most part break shocks from induction coils 
were employed. The coils contained iron cores which were removed when 
brief shocks were required. The strength of the shocks was graded by the 
insertion of precision resistances in the primary circuits. When iron- 
cored coils are used, the current in the secondary coil may not be pro- 
portional to that in the primary. This possibility was eliminated by a 
calibration which showed that the primary and secondary currents were 
directly proportional over the range used experimentally. 

The keys controlling the stimuli and the oscillograph time sweep 
consisted of magneto contact breakers with platinum points. Each 
was mounted on an adjustable arm and was broken by a cam rotating at 
a velocity of about 5 m./sec. The time interval between successive stimuli 
was controlled by moving the arms on which the keys were mounted. 
Examination with the oscillograph showed that the timing arrangement 
was satisfactory, and that the break of the contacts was free from chatter. 
The nerve was stimulated repetitively at rates of 5-10/sec. | 

Recording system. A resistance capacity coupled amplifier of con- 
ventional design was employed; 2 or 4uF. coupling condensers and 
0-5 megohm grid leaks were used. In the earliest experiments the 
amplifier was connected to a Matthews oscillograph. The arrangement of 
oscillograph and output stage was similar to the one used by Matthews 
[1928], and needs no further description. During the greater part of the 
work a Cossor cathode-ray oscillograph was employed. A linear traverse 
was obtained by allowing a condenser connected to one pair of deflectors 
to discharge through a saturated diode. The discharge was started by a 
contact on the interruptor used for stimulating; thus potentials produced 
by the nerve could be viewed as a standing wave. The time axis was 
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calibrated with an oscillatory discharge which was obtained by allowing 
a condenser to discharge through an inductance. The linearity of the 
recording system was tested by applying rectangular pulses to the input 
and photographing the response of the oscillograph. Careful measure- 
ment showed that the system was linear over the range employed experi- 
mentally. The temporal characteristics of the amplifier were sufficient 
for the requirements of this research. When a rectangular pulse was 
applied to the input the deflexion was 95 p.c. complete in 100 psec. ; it 
subsided to 95 p.c. of its maximum in about 10 msec. 

The oscillograph was mounted on a turn-table and could either be 
viewed directly or swung into the field of a camera. Photographs of 
single transits were obtained by running film through the camera in a 
direction opposite to that of the oscillograph traverse. Since the nerve 
was stimulated repetititively the film had to move on one frame (3 cm.) 
during each revolution of the interruptor. The time scale of the records 
obtained was determined by the sum of the velocities of traverse and 
film. The speed of the traverse was much greater than that of the film, 
and the records were therefore only slightly influenced by variations in 
RESULTS 


(a) Preliminary experiments 

This paper is primarily concerned with the way in which a blocked 
impulse sums with a subthreshold electric shock. The experiments 
described in this section do not throw much light upon the mechanism 
of summation, but they must precede any detailed analysis of the 
process. In the first place it is necessary to show that summation 
represents an interaction between blocked impulse and subthreshold 
shock, All that can be observed is that two shocks, which by themselves 
are ineffective, may sum to produce an impulse. It is conceivable that 
this might depend upon a direct electrical interaction between the 
shocks. The possibility of summation being produced in this way was 
excluded by the following experiments. 

(1) The effect disappeared when the nerve was crushed between 
A (Fig. 1) and the block. If the increase in excitability depended upon 
the nervous impulse, it would have been abolished by crushing, but if it 

(2) Summation might be caused by a spread of electrotonus from the 
stimulating electrodes. The first control does not exclude this possibility, 
since electrotonus is abolished by crushing. If this explanation were 
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correct, summation would depend upon the direction of S,; thus there 
would be an increase of excitability with a descending current and a 
decrease with an ascending one. This observation was contradicted by 
experiment, for summation was obtained with ascending as well as with 
descending currents. 

(3) The view that summation depends upon the nervous impulse is 
strengthened by the relation between the strength of S, and the magni- 
tude of the increase in excitability. It was found that when S, was 
subthreshold there was no increase in excitability: and that increasing 
S, beyond its maximal value led to no further change in the amount of 
summation. Clearly summation depends upon the nervous impulses set 
up by S, and not upon the shock itself. 

(4) The most convincing control depends upon the time relations of 
the effect. When the two shocks were applied simultaneously, no sum- 
mation occurred, and the increase in excitability only developed when 
S, followed S, by an interval which corresponded to the conduction 
time. This is illustrated by the results given in Fig. 3. The abscissa in- 
dicates the interval between the moments of application of S, and S8,. 
The ordinate represents the increase in excitability produced by an 
impulse. This was measured by observing the variation in the response 
to a threshold stimulus. S, was adjusted until it just produced an action 
potential at C.' It was then combined with S,: If the nervous impulses 
set up by S, produced any increase in excitability beyond the block, S, 
would excite more fibres and so S,+S, would give a larger action 
potential than S, alone. The increase in action potential provides a 
convenient and rapid index of the increase in excitability, and it has 
been used in this experiment. Fig. 3 shows that there is a brief interval 
between the moment of application of S, and the beginning of the 
increase in excitability. The obvious explanation of this latency is that it 
corresponds to the time taken by impulses to travel between A and the 
block. If this is correct, the latency should be increased by moving 
the A electrodes away from the block. This deduction was verified ; thus 
curve I was made with an electrode-block distance of 14 mm., and curve II 
with a distance of 45mm. In the first case the latency was about 
0-4 msec., and in the second it increased to about 1-25 msec. Records of 
action potentials proximal to the block showed that these latencies 
corresponded to the actual conduction times. The times at which impulses 
reached the block are marked by the arrows in Fig. 3; they show the 
crest and foot of each action potential. This experiment shows that 
summation starts at about the moment when impulses reach the block, 
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and that the latency is determined by the conduction time. It is therefore — 
impossible to believe that the increase in excitability depends upon any 
kind of direct interaction between the two shocks. 


Loy 


i 
2 
msec. 
Fig. 3. 4mm. pressure block. Abscissa: interval by which S, follows S,. Ordinate: 
increase in action potential at C produced by combining S, with S,. Curve I: 8, 
applied 14 mm. proximal to block. Curve II: 8, applied 45 mm. proximal to block. 
The ordinate scale for I is 1 unit=0-18 mV and for II, 1 unit=0-37 mV. The difference 
is due to the fact that the effect diminished between.making curve II and curve I. 
Arrows: show time of arrival of impulses at a point 3 mm. proximal to block. 
a = beginning, 6=crest of action potential starting at A1. c, d= beginning and crest of 


potential starting at A 1. The beginning is defined as the moment when the potential 
rises to one-twentieth of its maximum. 


Conditions necessary for obtaining summation. 
It was important to use blocks whose intensity could be delicately 


graded. If the intensity of the block was increased beyond the point at 
which conduction failed, the increase in excitability was reduced and 
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might be abolished. No increase could be detected if the nerve was 
crushed at the block, or if conduction was abolished by tying a ligature 
round the nerve, It will be shown later that the increase in excitability 
declines fairly rapidly along the nerve distal to the block. Consequently 
we should not expect to obtain summation with blocks of more than a 
certain width. Summation was observed with 5 mm. cold blocks, but 
no experiments have been tried with blocks wider than this. 


The position of the anode. 


The electrodes at the block may be arranged in various ways. In 
Fig. 1 the anode was connected with a point distal to the block; an 
alternative, and in some ways a more convenient arrangement, was with 
the anode proximal to the block. There did not appear to be any great 
difference between the magnitudes of the change in threshold obtained 
with the two electrode arrangements. The change usually seemed to be 
larger when the anode was proximal to the block, but the difference was 


not significant in the two experiments where the percentage change in 
threshold was carefully measured. 


The magnitude of the increase in excitability. 

The largest changes in threshold were observed when the block had 
abolished conduction in the majority of fibres, but when a few impulses 
were still transmitted through it. The measurement of summation in 
partially blocked nerve was complicated by the fact that S, alone 
produced a response at C. The threshold for S, in presence of a blocked 
impulse was determined by observing whether the addition of S, to 8, 
led to a response which was larger than that produced by S, alone. 
A 90 p.c. decrease in threshold implies that, in presence of an impulse, 
S, only had to be +; threshold intensity to excite. Actually this means — 
that the response produced by S,+<, was significantly larger than that 
due to S, alone as long as the intensity of S, was more than a tenth of 
its normal threshold. 

The decrease in threshold usually amounted to between 50 and 70 p.c. 
and greater changes were sometimes observed. The following figures 
show the largest values obtained. 


Pressure block: 9.xii.1936 ... S84p.c. 
10. xii. 1936... 95 p.e. 
Cold block: 12. xi. 1936 


14. xii. 1936... 76p.c. 


‘ 
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(b) The electrical changes near a blocked region 


The experiments described in the preceding section show that sum- 
mation depends upon an interaction between blocked impulse and sub- “ 
threshold shock, but they do not throw any light upon the way in which 


Fig. 4. Potentials proximal and distal to block. 3 mm. cold block. A, action potential 
2 mm. proximal to block. B-—F, extrinsic potentials distal to block; all at same amplifi- 
cation which was about five times greater than in A. B, 1-4 mm. distal to block; 
C, 2-5 mm. distal to block; D, 4-1 mm. distal to block; E, 5-5 mm. distal to block; 
F, 8-3 mm. distal to block. The time scale applies to all the records. 


it is produced. The most plausible theory is that the increase in excitability 
is caused by local electric circuits spreading through the blocked region. 
Now current spread of this kind would be associated with a potential 
change which could be observed experimentally. This suggests that an 
investigation of the electrical changes near the block might throw light 
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upon the mechanism of summation. If the experimental results showed 
that the increase in excitability was invariably accompanied by an 
electrical disturbance, the view that it depended upon local circuits 
would be strengthened. On the other hand, if the increase could be 
dissociated from any potential change, we could no longer maintain 
that it was electrical in origin. The electrical changes near the block were 
investigated and are described in this section. The experiments were 
made in the following way. A nerve was blocked with cold or pressure, 
and potentials were led off from various points beyond the block. Under 
these conditions a response could be recorded from just beyond the 


Distance beyond block in mm. 


Fig. 5. Potential spread beyond block. Measurements were made from the 
records illustrated in Fig. 4. 


block, although no impulses were transmitted through it. This was dis- 
tinguished from an ordinary action potential by the fact that it was not 
propagated, but declined exponentially along the nerve. The records of 
Fig. 4 illustrate the phenomenon. The response beyond the block has 
roughly the same form as an action potential from the proximal side of 
the block, but it is smaller in amplitude. The prolonged duration of the 
wave was due to the low temperature of the nerve near the block; for 
the potential was actively produced by cold nerve, although it may have 
been led off at some distance beyond the block. The form of the potential 
gradient is shown in Fig. 5, where the amplitude of the potential wave is 
plotted against the distance from the block. The electrical change 
illustrated by these records has been observed in more than eighty 
nerves. It is not caused by the activity of nerve under the lead and it 


PH. XC. 13 


a 
= 
¢ 
2-0 
3 | 
° 
0-5 
0 
3 4 5 6 7 8 9 


194. A. L. HODGKIN 


seems to be produced by a spread of current along the nerve fibres 
themselves. In order to distinguish the change from a propagated action 
potential, it will be called the extrinsic potential. This term has been 
employed because Erlanger et al. [1926] used extrinsic phase to describe 
the part of the action wave which is due to current flowing in front of the 
active region. | 

A small action potential, due to unblocked impulses was usually 
superimposed upon the extrinsic potential. This is illustrated by the 
records in Fig. 6, where a response due to blocked and to unblocked 
impulses may be distinguished. The distinction has been emphasized 
by marking the probable time course of the extrinsic potential. Although 
unblocked impulses did not obscure the extrinsic potential, they often 
made accurate measurement impossible. Their presence was a continual 
source of difficulty, and numerous methods of eliminating them have been 
tried. Repeated freezing and thawing of the nerve often produced a 
condition which left the extrinsic potential, but eliminated unblocked 
impulses. Increasing the stimulation rate from 5 to 10/sec. sometimes 
reduced the number of unblocked fibres. This observation is interesting, 
because it suggests that recovery from activity may be extremely slow 
in a region which has been impaired by cold. 

With pressure blocks the difficulty of eliminating unblocked fibres 
has been much greater, and satisfactory results have only been obtained 
on a few occasions. Gasser & Erlanger [1929] showed that pressure 
affected large before small fibres; in the present work the small fibres 
were eliminated by using shocks at intensities which were maximal for 
the « group, but below the threshold of smaller fibres. 

The extrinsic potential may be observed in a different way. It has 
been known for a long time that cooling a section of nerve increases the 
interval for muscular summation, and that this effect is due to failure 
of the second impulse in the cold nerve. The cold region behaves as 
though it had a prolonged absolute refractory period, and acts as a 
block to the second but not to the first of two impulses. This property 
of cold nerve provides the basis for a method of abolishing transmission ; 
for the intensity of the block can be adjusted so that one nearly maximal 
action potential is transmitted but a second is almost completely ex- 
tinguished. Under these conditions the second impulse produces an 
extrinsic potential which is similar to that produced by a single blocked 
impulse. Fig. 7 illustrates this. The records show the descending phase 
of the first action potential and, following this, a smaller wave which dies 
out along the nerve. This experiment is interesting for two reasons. In 
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Fig. 6. 


Fig. 6. Extrinsic potential and propagated action potentials. 3-5 mm. cold block. A, 
1-2 mm. distal to block; B, 2-4 mm. distal to block; C, 3-7 mm. distal to block; 
D, 5-4 mm. distal to block; E, 7-3 mm. distal to block. Amplification and time scale 
same throughout. 

Fig. 7.. 3 mm. cold block. Temperature adjusted so that the first but not the second of two 
impulses was transmitted. Descending phase of first impulse shown; followed by 
extrinsic potential. The nicks in the upper record are due to interference. A, 1-4 mm. 
distal to block; B, 4-2 mm. distal to block. 
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the first place, the fact that the extrinsic potential can be produced in 
nerve which is capable of conducting a nearly maximal action potential 
suggests that the potential does not depend upon any abnormal or specific 
property of blocked nerve. In the second place, the experiment shows 
how much the absolute refractory period may be prolonged by local 
cooling. In this experiment the interval between the two impulses was 
about 15 msec., and blocks with an absolute refractory period of as 
much as 50 msec. have been observed. 

So far nothing has been said about the origin of the extrinsic potential. 

The most attractive theory is that it depends upon local electric circuits, 
but it is necessary to consider any other ways in which it might be 
produced. Bishop et al. [1926] found that small action potentials could 
often be recorded from regions not directly connected to the amplifier. 
Such artefacts usually occurred when the resistance of the ground lead 
to the nerve was high, and they appeared to be caused by a high resistance 
or capacitative connexion between a point on the nerve and ground. [ 
have occasionally observed small artefacts of this kind, but unlike the 
extrinsic potential, they were always associated with a poor contact 
between the nerve and recording electrodes. The possibility of the 
extrinsic potential being any kind of artefact is best excluded by the 
fact that it was abolished by crushing between the block and recording 
electrodes. It is difficult to see how crushing could affect an artefact 
depending upon a high resistance or capacitative leak, but it would 
prevent local circuits spreading along a nerve fibre. 

The extrinsic potential might be produced in the following way. The 
sciatic nerve gives off small branches, and if these were less susceptible 
to the action of cold or pressure, impulses might traverse the block and 
stop at the cut ends of fibres. In order to eliminate such a possibility, the 
nerve was always arranged so that an unbranching stretch lay distal to 
the block. At the beginning of each experiment, action potentials from 
this stretch were measured on the face of the oscillograph tube. These 
showed only a slight decrease in amplitude along the nerve (about 
2-5 p.c./mm.), which was probably due to the temporal spreading intro- 
duced by differences in conduction rate. The possibility that the decre- 
ment might depend upon impulses stopping at cut branches was excluded 
in a different way. The nerve was stimulated peripherally, and potentials 
were recorded from the central end. In this case a potential gradient 
which depended upon cut branches would be impossible, since any 
fibres stimulated must have run the whole length of the nerve. The 
experimental result showed that peripheral stimulation produced a 
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potential gradient which was very like that obtained in the ordinary 
way. 

Another possibility is that the potential gradient might be produced 
by impulses which emerged from the region where cold or pressure was 
applied and failed in the distal stretch of nerve. This argument would 
be tenable if the decrement occupied only a millimetre, but a considera- 
tion of dimensions makes it unlikely. It is difficult to see how an impulse 
could pass a region where the cold was most severe, run 6 or 7 mm. in 
more normal nerve and then fail. A process of this kind is even less 
likely to occur at a compression block, where the effect of the pressure is 
sharply localized. Moreover, this hypothesis provides no satisfactory 
explanation of records like those shown in Fig. 6. Here there is a com- 
ponent which is caused by propagated impulses, but it shows no sign of 
decrement. Consequently it is difficult to suppose that the extrinsic 
potential itself could be made up of propagated impulses. : 

The nature of the extrinsic potential may now be considered more 
closely, The shape of the decrement suggests that it might be fitted by 


where p is the potential at a distance z from a point (x=0), where 
P=Po- L is a constant with the dimensions of a length; the potential 
falls to 1/e of its value in a distance L. 

In order to illustrate the exponential nature of the decrement several 
experiments are plotted in semi-logarithmic co-ordinates in Fig. 8. If 
the decrement obeys an exponential formula the results should fall on 
a straight line. This is approximately true. There are deviations, but they 
are mostly of a random kind and may be due to experimental errors. 
The principal sources of error were of two kinds. First, the determination 
of potentials at distances greater than 4mm. was often made rather” 
uncertain by the presence of unblocked impulses. The second and more 
serious type of error was introduced in the measurement of the abscissa. 
The position of the electrodes was fixed and could be accurately measured, 
but a slightly asymmetrical collection of fluid might alter their effective 
point of contact with the nerve and errors of at least half a millimetre 
may have arisen in this way. 

The principal interest of these results lies not in the exponential 
nature of the curves, but in the value of L, the space constant involved. 
Fig. 8 shows that there is a considerable amount of variation in the slope 
of the lines and hence in the value of L. Table I indicates the value of L 
obtained in the most accurate experiments. In each case the results 
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mV 


Fig. 8. Abscissa: distance in mm. from block. Ordinate: extrinsic potential, log, mV. 
The numbers on the curves refer to the experiments in Table I below, where details 
of the type of block used are given. 


Tastz I. The extent of spread of the extrinsic potential 


Several sets of determinations have often been made during the course of one experi- 
ment; since these were fairly consistent, one set of values has been chosen to represent the 
whole experiment. With the exception of No. 2, the potentials were measured from photo- 
graphic records. In three cases (6, 10 and 11) the potential was measured at a constant 
interval after the stimulus artefact; in the remainder the maximum of the wave was 
measured. In the experiments marked with an asterisk, the nerves were subjected to 


Average value for L =2-0 mm. 
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4 
2 7 8 
4 0 2 4 6 8 10 
mm. 
3 prolonged action of the block. 
j Range of measurement 
Distance Amplitude of 
f Experimental details, from block potential 
type of block mm. mV. L (mm.) 
3 (1) 10. iii. 36; 4 mm. pressure 04-4 0-42-0-037 1-9 
7 (2) 20. iii. 36: 2 mm. pressure 0-4-6 1-4-0-07 1-8 
(3) 25. v. 36: 3 mm. cold 1-4-6-0 0-87-0-058 1-7 
4 (4) 29. v. 36: 3 mm. cold 1-4-6-0 0-51-0-057 2-1 
(5) 8. vi. 36: 3 mm. cold 1-4-6-0 0-88-0-074 2-0 
| (6)* 11. vi. 36: 3 mm. cold 1-4-6-0 1-35-0-078 1-6 . 
, (7)* 16. vi. 36: 3 mm. cold 1-5-5-8 1-41-0-046 “ay, 125 
| (8) 10. vii. 36: 3 mm. cold 1-4-8-3 1-07-0-043 2-15 
(9)* 11. vii. 36: 3 mm. cold 1-4-5-5 2-5-0-11 1-55 
25. x. 36: 4 mm. cold 1-2-7-3 1-74-0-14 2-4 
(11) 6. xi. 36: 4 mm. cold 1-2-5-4 0-86-0-11 2-0 
: (12) 18. xi. 36: 4 mm. cold 1-2-5-4 2-1-0-34 2-2 
(13) 4. xii. 36: 3 mm. pressure 0-5-7-9 1-8-0-16 2-9 
| 
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were plotted in semilogarithmic co-ordinates, and L obtained from the 
slope of a straight line drawn through the points. When Briggsian 
logarithms are used L is of course given by the distance in which the 
potential falls by 0-434 (log,,e). 


The electrotonic nature of the extrinsic potential. 


The properties of the extrinsic potential suggest that it may be 
similar to an electrotonic potential. This is probable on theoretical 
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grounds, for the type of current flow described by the conventional 
local circuit diagram is essentially similar to the current flow which is 
supposed to be responsible for electrotonus. Both involve local circuits, 
. in which current in the core is associated with an equal and opposite 
component in the interstitial fluid. A high-resistance sheath has the 
effect of spreading out electrotonic currents, and this should operate 
equally for the currents produced in activity. Fig. 9 illustrates this 
argument. 
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_ The expectation that the extrinsic potential would be of an electro- 
tonic nature is strengthened by considering the equations which deter- 
mine the distribution of current in cable-like systems. In order to treat 
electrotonus mathematically it is usual to consider the current flow in 
core and interstitial fluid as strictly parallel. An alternative statement of 
the same assumption is that in any transverse section the potential is 
uniform throughout the core and throughout the interstitial fluid. When 
this assumption is made, it can be shown that the distribution of electro- 
tonic potential in the extrapolar region is governed by the equation 


where r = resistance of interstitial fluid per unit length to axial currents; 
o =resistance of core per unit length to axial currents; 1/R =conductivity 
of sheath per unit length to radial currents. The other symbols are the 
same as in equation (1). For a derivation of this equation see Appendix. 

For our purpose, the important point about this equation is that it 
applies equally to electrotonus or to a potential depending upon currents 
produced in activity. In this mathematically simplified system, the local 
circuits produced by the application of an external potential difference 
are precisely similar to those depending upon an internal change. It is 
uncertain how far the assumption of parallel current flow is legitimate, 
and there may in fact be some difference between electrotonic and 
activity local circuits. But there seems to be good ground for supposing 
that the two would be at least approximately similar. 

The exponential distribution of the extrinsic potential agrees with the 
observed properties of electrotonus as well as with the theoretical 
requirements of equation (2). For it has long been known that the spatial 
distribution of an electrotonic potential conforms to an exponential law. 
The important problem, however, is to decide whether the space constant 
of electrotonus is similar to that of the extrinsic potential. The fact that 
both potential gradients could be fitted by an exponential formula 
would be of no significance if the logarithmic slope of the gradients were 
completely different. At first it appears that the decline of the extrinsic 
potential is too rapid for an electrotonic potential. The average value 
for L was 2-0 mm., and extremes of 1-2 and 2-9 mm. were obtained. Now 
the general opinion is that the exponential space constant of electro- 
tonus is about 3mm. Curves published by Hecht [19314] and by 
Bishop é al, (1926) indicate that the potential falls to 1/e of its value in 
2-6 and in 2°8 mm. Schultz [1924] obtained values ranging from 2-1 to 
5-6 mm., and Bogue & Rosenberg [1934] give values of 3-6 mm. at 
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20° C, and 2-4 mm. at 2-5° C.1 With the exception of the last, all these 
measurements were made with constant currents lasting many seconds, 
and the results may have been complicated by slow after-variations. 
These seem to be small in the case of catelectrotonus [e.g. Hecht, 
19316], and a space constant of about 3mm. probably applies to 
potentials lasting only a few milliseconds. This indicates that the decline 
of electrotonus is more gradual than that of the extrinsic potential. 
However, the difference is not very great, and it might conceivably be 
due to abnormal conditions near the block. 

The question of the electrotonic nature of the extrinsic potential can 
only be settled by comparing the distribution of nes two potentials under 
similar experimental conditions. 
The work of Bogue & Rosen- 
berg [1934] and of Harris et al. 
[1936] indicates that the distribu- —- 
tion of an electrotonic potential ae 
depends upon its wave form. Con- 
sequently it is desirable to compare 
the extrinsic potential with an elec- 
trotonic potential of similar form. 
A current pulse of suitable shape 
was obtained from a circuit involv- 
ing two condensers, and was applied 
to the nerve through electrodes z "ig. 10. Circuit diagram for applied electro: 
and y (Fig. 10). Inthis way electro- _ the key this gives a current pulse of the form 
tonus could be measured at the ‘used by ig- 11. 
same time and in the same stretch of nerve as the extrinsic potential. 
The leading-in electrodes consisted of cotton wicks soaked in gelatine 
Ringer and joined to chlorinated silver wires. When pressure blocks 
were used the current was applied through a moist cotton thread 
which lay in a groove cut in one of the pieces of ebonite. A gap of at 
least 2 mm. was left between the cathode y and the recording electrodes. 
In experiments with brief pulses of current, it is easy to record potentials 
which have nothing to do with electrotonus, but are similar to some of 
the artefacts responsible for stimulus escape. These were reduced by 
careful screening and by passing the double condenser discharge through 
a transformer. The circuit employed is shown in Fig. 10, and with this 


1 Schultz and Bogue & Rosenberg calculate a constant « which is defined by the 
equation p=p,e~** (other symbols are the same as in equation (1)). « is the reciprocal of 
the space constant which is used here. 
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arrangement artefacts did not appear as long as the electrodes made 
good contact with the nerve. The electrotonic nature of the potentials 
recorded was established by the fact that when increased in intensity 
they reached threshold and produced action potentials, and by the fact 


> 


Fig. 11. Extrinsic potential and applied electrotonic potential at corresponding distances 
beyond block. 3-5 mm. cold block. Amplification and time scale same throughout. 


that they were abolished by crushing between the block and recording 
leads. The actual course of an experiment was as follows. The intensity 
of the block was increased until the extrinsic potential was freed from 
propagated impulses. The applied potential, led in through z and y, was 
adjusted so that electrotonus had the same amplitude as the extrinsic 
potential. The potentials from different points along the nerve were then 
recorded photographically. At the end of an experiment the nerve was 


f 
2 
, Extrinsic Electrotonic 
-¥ 
at 
4 
- 
>. 
ds 
t 
‘ 
* 
» 
+ 
j 
q 
4 
~ 
4 


ELECTRICAL TRANSMISSION IN NERVE 203 


usually crushed between block and electrodes. The records reproduced 
in Fig. 11 were obtained in an experiment of this kind; they show that 
the distribution of the extrinsic potential was almost identical with that 
of the electrotonic potential. 


The records in Fig. 11 call for comment in two respects. At 7-3 mm. from the block, 
the extrinsic potential has practically vanished, but there is still a small and irregular 
disturbance of the base line. This component was due to unblocked impulses (cf. Fig. 6), 
and it can be traced through all the records. 

The diphasic shape of the electrotonic potential was due to the fact that the double 
condenser discharge was passed through a transformer. The records show that the positive 
phase falls off much more rapidly along the nerve than the negative phase which precedes 
it. This may be explained by the fact that electrotonus rises and falls more slowly the 
greater the distance from the polarizing electrodes. At a distance from the block the smaller 
positive phase is swamped by catelectrotonic potential which lasts longer than the negative 
phase of the applied potential. This point will be further discussed on p. 205. 
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Fig. 12. Distribution of extrinsic and applied electrotonic potentials. A, 3-5 mm. cold 
block, 18 November 1936; B, 3 mm. cold block, 11 June 1936. 


The results of two experiments of this kind are plotted in Fig. 12. 
Not only is the general slope of the two curves similar, but the same 
irregularities are reproduced in both cases. This is easy to understand 
if we suppose that the experimental error lies mainly in the measurement 
of the abscissa. If, for example, accumulation of fluid altered the 
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effective point of contact of an electrode with the nerve, the error 
introduced would have affected both determinations equally. Or the 
irregularities may have depended upon local variations in the resistance 
of the interstitial fluid, and this again would have produced deviations 
of the same kind in both determinations. The agreement shown in Fig. 12 
could only be obtained if the two determinations were made in rapid 
succession. Any experimental manipulation, such as that involved in 
blotting off moisture which condensed on the nerve near the block, 
destroyed the precise agreement of the curves, although they still had 
the same general slope. The parallelism in spatial distribution seems to 
hold for pressure as well as for cold blocks. Owing to the difficulty of 
eliminating unblocked fibres, only one experiment was performed with 
a compression block, but in this case the agreement between the two 
potentials was as good as in any of the cold block experiments. In all, 
eleven sets of determinations have been made on nine different nerves. 
Eight of these show the close agreement illustrated in Fig. 12. In the 
remaining experiments, which were among the earliest to be performed, 
the curves were less strictly parallel although their general slope was 

A point which requires further discussion is the difference between 
the spread of electrotonus in normal and in blocked nerve. Observations 
on unblocked nerve showed that the electrotonic space constant was 
about-3 mm., but in blocked nerve the constant was similar to that of 
the extrinsic potential and had a value of about 2mm. Indeed, on one 
occasion the constant of both potentials was reduced to 1-2 mm. The 
low values for the spread always occurred in nerves which had been 
subjected to prolonged blocking (cf. Table I), and in freshly blocked 
nerve the electrotonic constant was closer to the accepted value of 3 mm. 
The reason for the reduced spread in blocked nerve is not clear, but it is 
interesting to note that Schultz [1924] showed that any slight injury 
reduced the spread of electrotonus. The close parallelism between the 
two potentials in blocked nerve suggests that if we could observe the 
extrinsic potential in normal nerve it would still be similar to electro- 
tonus and would have a space constant of about 3 mm. 


The tome relation of the potential at different distances from the block. 
Ifa rectangular pulse of current is applied to nerve, elecfrotonus does 
not reach its maximum instantaneously, but lags behind the applied 


potential by an amount which depends upon the distance from the 
cathode [Bogue & Rosenberg, 1934]. In view of the similarity 
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between electrotonic and extrinsic potentials we should expect the form 
of both to change as the distance from the block was increased. The 
potential curves at a distance should rise and fall more slowly and should 
have a later maximum than those recorded close to the block. A small 
effect of this kind can be observed in the records of Figs. 4 and 11, but 
before discussing it we must consider some of the difficulties introduced — 
by such a comparison. In the first place the change in form with distance 
is not likely to be large; for at a cold block the rate of change of the 
potential is small in comparison with the electrotonic response to a 
rectangular pulse. At a pressure block the potential changes are more 
rapid and a greater modification in form is to be expected. Unfortunately 
it was impossible to eliminate the unblocked impulses completely, and 
since these were propagated they affected the form of the potential to an 
extent which depended upon the electrode block distance. This can be 
allowed for, but the correction is unsatisfactory since the unblocked 
fibre component is rather variable. In nerves blocked with cold it was 
occasionally possible to obtain a response which was quite free from 
unblocked impulses. An example of this is provided by the records in 
Fig. 4. Here the potential wave has approximately the same form at 
different points, but small differences can be brought out by a careful 
examination. The waves at 1-4 and 2-5 mm. were traced and replotted so 
that they had the same amplitude. This showed that the maximum at 
2-5 mm. occurred 4 msec. later than at 1-4 mm. However, the principal 
difference was that the potential wave at the longer distance had a 
slower falling phase. The same kind of modification may be seen in the 
records of the electrotonic potential (Fig. 11). Close to the block the 
second positive wave is quite distinct, but at the longer distance the 
falling phase of the negative wave is prolonged and neutralizes the 
positive phase. Another difference was that both potentials ‘started to 
rise slightly later at the longer distances than close to the block. This 
effect was small, but it was usually quite definite. In view of the diffi- 
culty of obtaining accurate records of the extrinsic potential, I do not 
wish to lay much stress on an exact comparison of its wave form at 
different points. However, it is clear that the wave form is approxi- 
mately constant, and that the differences which do occur are consistent 
with the electrotonic nature of the potential. 
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Discussion 


The investigation of the electrical changes near a block was under- 
taken as a step in the analysis of the increase in excitability produced by 
an impulse. The results show that an action potential causes a spread of 
electrotonic potential in the nerve beyond a block. Since the potential 
was observed with the same type of block and under the same conditions 
as the increase in excitability, the experiments suggest that the spread 
of potential may be responsible for the increase in excitability. Although 
the results are consistent with an electrical theory, they do not afford any 
kind of proof that the excitability and potential change are causally 
related. For the electrotonic potential might be no more than an incidental 
accompaniment of activity, and its association with the increase in 
excitability a matter of chance. The importance of the results is that they 
provide a basis for further experimental analysis. If the increase in 
excitability was produced electrically, it should have the same temporal 
and spatial properties as the electrotonic potential. Hence both electrical 
and excitability change should last for the same time, and both should 
spread for the same distance beyond the block. The temporal and spatial 
characteristics of the increase in excitability have been investigated and 
compared with those of the electrotonic potential. An account of these 
experiments will be given in a subsequent paper, and further discussion 
of the origin of the increase in excitability must be reserved until they 
have been described. 

Although the main interest of the electrical changes at a block lies in 
their possible relation to the increase in excitability, they are, in them- 
selves, worth some attention. In the first place, it is necessary to con- 
sider how far the results are consistent with previous work. Davis et al. 
[1926] examined the way in which an action potential was extinguished 
at a narcotized region. They showed that if any potential gradient was 
produced by an impulse it did not extend for more than 7 mm. into a 
narcotized region. This can be reconciled with my results, since the 
potential change at 7 mm. would be small and might not have been 
detected by their string galvanometer. Erlanger & Blair's [1934] work 
on axon segmentation provides an entirely different method of observing 
how potential spreads along the inactive parts of a nerve fibre. They 
found that, under the influence of anodal polarization, the action 
potential in a single fibre loses its normal continuous shape and acquires 
a characteristic notched configuration. The notches involve a sharp 
inflexion and are spaced at intervals of about 0-5 msec. The only satis- 
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factory way of explaining these action potentials is to assume, first, that 

several internodes of each axon contribute to the potential which is 
recorded at any point, and secondly, that in polarized nerve activity is 
transmitted across each node of Ranvier with a significant delay. Since 
the response is determined by the activity of several internodes, the 
delay at each node leads to a notch, and each inflexion is caused by the 
activity of a new segment. A detailed account of the evidence for this 
hypothesis would be out of place; for our purpose the important point is 
the conclusion that the response is determined by the activity of several 
segments. It follows from this that an active segment produces a potential 
gradient in the inactive part of an axon. Erlanger & Blair estimated 
the extent of the gradient from the contributions of segments at different 
distances from the recording lead. They found that the potential fell to 
approximately half its value in one internode, which, assuming an 
exponential decline and 1-25 mm. for the segment distance, gave a value 
of 1-8 mm. for the space constant of the gradient. This is close to my 
average value for the potential spread near a block. Erlanger & Blair 
do not discuss how the potential spread occurs, although they compare 
it with electrotonus. It seems very likely that it depends upon the same 
electrotonic mechanism as the extrinsic potential which can be observed 
near a cold or compression block. 

At first the properties of the extrinsic potential seem to be in conflict 
with what is known about the rising phase of the action potential. Since 
electrotonic currents spread in front of the action potential at a block, 
we should expect the rising phase to have an electrotonic component. The 
initial rise should be exponential, and its rate should be determined by 
the conduction velocity and the electrotonic space constant. The initial 
rise of the axon action wave seems to be exponential, but it is consider- 
ably steeper than would be expected from the assumption of full electro- 
tonic spread. Erlanger & Blair’s [1934] record of an axon wave shows 
that the exponential time constant of the initial rise is about 40 psec, 
Assuming a conduction velocity of 25 m./sec. this implies that in the 
front of the wave the potential falls to 1/e of its value in 1 mm. The 
reduced spread of potential may be explained in two ways. In the first 
place, my estimate of 3 mm. for the potential spread was for a large 
nerve trunk, and it is possible that the value for the electrotonic constant 
might be much smaller in the thin bundles studied by Erlanger & 
Blair. In the second place, it is important to consider the temporal as 
well as the spatial properties of electrotonus. Bogue & Rosenberg 
[1934] have shown that electrotonus rises more slowly the greater the 


‘ 

+4] 
J 

wa 
4 


208 A. L. HODGKIN 


distance from the polarizing electrode, and this implies that electrotonus 
takes an appreciable time to spread to its full extent. Consequently we 
should not expect that the potential could spread far in front of an 
active region which was advancing with a velocity comparable to that 
of the electrotonus itself. The difference between the electrotonic spread 


- at a block and in front of the action wave is due to the difference in the 


velocity of the active region. When the impulse is propagated, there is no 
time for full electrotonic spread, but when it is checked at a block electro- 
tonus can spread for some distance beyond the active region. 


SuMMARY 


1. When an impulse arrives at a cold or compression block, it can 
decrease the electrical threshold beyond the block by as much as 80 to 
90 p.c. 

2. An action potential on one side of a block produces a transient 
potential gradient in the stretch of nerve beyond the block. The gradient 
is exponential in shape and the potential falls to 1/e of its value in 
about 2 mm. 

3. The spatial distribution of the potential is almost identical with 
that of an electrotonic potential of similar form. 

4. It is concluded that an impulse produces a spread of electrotonic 
potential in the nerve beyond a block. 

5. It is suggested that the local circuits which produce the electro- 
tonic potential are the cause of the increase in excitability. 


APPENDIX 


A mathematical basis for the spread of electrotonus was first provided by Hermann 
[1905]. He derived equations for a core conductor model, where one of the conductors— 
core or interstitial fluid—was supposed to have zero resistance. The object of this appendix 
is to give a more general treatment, which takes into account the resistance of both core 
and interstitial fluid. The method is essentially the same as that of Rushton [1934], and 
indeed the problem is only an example of the general case which he considered. 


Assumptions 

A nerve fibre is assumed to have a cable-like structure with a conducting core and a 
resistant sheath. Any capacity across the sheath may be ignored, since a case of steady 
current distribution is considered. The system is assumed to obey Ohm's Law. It is assumed 
that in any transverse section the potential is uniform throughout the core and throughout 
the interstitial fluid. This cannot be strictly true, but calculations based on this assumption 
will be valid as long as the potential difference across core and interstitial fluid is small in 
‘comparison with that across the sheath. 
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Let z=distance along nerve, p=potential of interstitial fluid, v= potential of core, 
‘=current in interstitial fluid, r=resistance of interstitial fluid per unit length to axial 
currents, o=resistance of core per unit length to axial currents, 1/R =conductivity of 
sheath per unit length to radial currents. Since the nerve does not form part of an external 
circuit, the current in the interstitial fluid must be equal and opposite to that in the core, 

Ldp ld 


Now the current leaving the interstitial fluid at any point must be proportional to the 
potential difference across the sheath at that point: 


(2) 
Differentiating 
di dv 
(3) 
On combining with (1) this becomes 
ai 
Now the general solution of this equation is 
(5) 


The source of potential will be considered to be in the direction of - ©; at r= + o the 
current flow will therefore be zero. Hence A must be zero and 


_ Combining (6) with (1) and integrating between z and © 
R 


where C is another constant. 

Potentials are measured with reference to a remote point on the nerve, which is con- 
sidered to have zero potential; thus p,, is zero. C must be equal to p,, the value of p at 
z=0. Hence » 

(8) 


This result has been reached without referring to the nature of the source of current, 
and thus it applies equally to the steady distribution of an electrotonic potential or to that 
of an extrinsic potential produced by an action current. 

The application of this equation is not affected by the fact that resting nerve probably 
has a potential difference in series with the sheath. The resting potential can be allowed for 
by adding an extra term to equation (2); but this term does not vary with distance, so that 
it disappears when (2) is differentiated to give (3). 


‘ 
) 

| 

/ 
- 
PH. XC. 
| 


210 A. L. HODGKIN 


Bishop, G. H., Erlanger, J. & Gasser, H. 8. (1926). Amer. J. Physiol. 78, 592. 

Blair, E. A. & Erlanger, J. (1936). bid. 117, 355. 

Bogue, J. Y. & Rosenberg, H. (1934), J. Physiol. 82, 353. 

Boyd, T. E. & Ets, H. N. (1934). Amer. J. Physiol. 107, 76. 

Davis, H., Forbes, A., Brunswick, D. & Hopkins, A. McH. (1926). Ibid. 76, 448. 

Erlanger, J. & Blair, E. A. (1934). Ibid. 110, 287. 

Erlanger, J., Bishop, G. H. & Gasser, H. 8, (1926). Ibid. 78, 537. 

Gasser, H. 8. & Erlanger, J. (1920). Ibid. 88, 581. 

Harris, D. T., Rosenberg, H. & Sager, O. (1936). J. Physiol. 86, 4 P. 

Hecht, K. (19314). Z. Biol. 91, 252. 

Hecht, K, (19315). Ibid. 91, 231. 

Hermann, L. (1905). Pfliigers Arch. 108, 95. 

Matthews, B. H. C. (1928). J. Physiol. 65, 225. 

Rushton, W. A. H. (1934). Ibid. 82, 332. 

Schultz, E. (1924). Oremer’s Beitrage Physiol. 2, 107. Quoted from: Cremer, M. (1929). 
Handbuch der normalen u. pathologischen Physiologie, 9, 278. Berlin: Springer. 


- 
‘ 
a 
+ 
» REFERENCES 
¥ 
. 
be 


211 


612.816.3 


EVIDENCE FOR ELECTRICAL TRANSMISSION 
IN NERVE. PART II 


By A. L. HODGKIN 
From the Department of Physiology, Cambridge 
(Received 18 March 1937) 


In @ previous paper it was shown that when a nervous impulse was 
extinguished by local cold or pressure, there resulted two changes in 
the region just beyond the block. In the first place there was a spread of 
electrotonus, and in the second, a localized increase in excitability. It is 
possible that these two facts are related, and the intention of the experi- 
ments described here is to decide whether spread of electrotonic current 
is, in fact, the cause of the increase in excitability. 

The first piece of evidence is that the association of the electrotonic 
potential with the increase in excitability is extremely constant. This 
is to be expected if the two processes are causally related, but if the 
association were a matter of chance we should expect to find certain 
conditions which would allow transmission of the excitability change but 
not of the electrotonic potential. There is, of course, no way of proving 
that it is impossible to dissociate the two processes, but experiments 
have shown that this is extremely difficult. For electrical and excitability 
change have been observed in more than seventy nerves, and in no case 
was it possible to obtain the increase in excitability without a concomitant 
potential change. 

Evidence of a more definite kind comes from a study of the time 
relations of the two processes. The temporal configuration of the increase 
in excitability has been determined and can be compared with that of 
the potential. This allows much more certain conclusions than have 
hitherto been possible. For we should have to abandon an electrical 
theory if the duration of the increase in excitability was found to be 
quite different from that of the potential. On the other hand the theory 
would be considerably strengthened, if the results showed that the time 
course of the excitability change could be accurately predicted from the 


potential time curve. 
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COMPARISON OF EXCITABILITY AND POTENTIAL TIME CURVE 


The method of measuring the excitability time curve was essentially 
similar to that described in the previous paper (Hodgkin, 1937, p. 189). 
The stimuli consisted of brief shocks from coreless induction coils. 
Examination with the oscillograph showed that the duration of these 
was about 40 usec. The interval between the two shocks was adjusted by 
varying the setting of the contacts on the interruptor. Possible errors in 
timing may be introduced by fluctuations in the speed of the interruptor 
and by changes in the zero setting of the contacts. These were controlled 
by a direct calibration, which was carried out as soon as possible after 
each experiment. Two methods of calibration were employed. In one 
case the shock interval for different settings of the contacts was measured 
from photographic records of the shocks and of the time base, The other 
method consisted of a direct comparison of the shock interval with the 
time base. The circuits were arranged so that the key for producing the 
first stimulus could also be used for starting an oscillatory discharge of 
known frequency. When a calibration was required, the key was allowed 
to start the discharge, which appeared as a standing wave on the 
oscillograph. The second shock could be superimposed upon this, and 
the shock interval obtained by counting the number of oscillations 
between the beginning of the discharge and the appearance of the 
shock. 

The principal difficulty in the determination of the excitability time 
curve was introduced by variation in the condition of the nerve at the 
block. In order to avoid progressive changes in threshold, the measure- 
ments of excitability must be as rapid as possible and there is no time to 
determine the percentage change in threshold for each point on the 
curve. Consequently the variation in response to a threshold stimulus 
was used as a measure of the increase in excitability. The principle of 
the method has already been described [Hodgkin, 1987, p. 189]; the 
main objection to it is that it gives only a rough indication of the 
behaviour of the individual nerve fibres. We should not, therefore, expect 
to obtain a very exact correspondence between potential and excitability 
time curves. The excitability curve was usually made from two sets of 
values, one with increasing and the other with decreasing shock intervals. 
The results were discarded if there was any serious disagreement between 
the two determinations, but repeatable results could usually be obtained 
if the values were determined in quick succession. As soon as the 
excitability measurements were complete the potential beyond the block 
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was recorded photographically. Here again there were considerable 
difficulties, for it was essential to obtain a record of the electrotonic 
potential undistorted by action potentials in unblocked fibres. It was 
occasionally possible to determine the excitability and potential time 
curves in nerves which were quite free from unblocked impulses. When 
this was impossible, the distortion introduced by action potentials was 
reduced by recording with electrodes only 1 or 2 mm. apart. In this way 
the propagated potentials were reduced to about a tenth of their former 
amplitude, but on account of its decremental nature, the electrotonic 
potential was much less affected, and since it had approximately the 
same form at all points, diphasic recording gave a fairly accurate picture 
of its time relations. 

The results of two experiments with cold blocks are shown in Fig. 1 a 
and 6, Potential and increase in excitability are plotted on the same time 
scale, the continuous line represents potential and the dotted line the 
increase in excitability, If the two processes had similar time relations it 
would be possible to superimpose the curves by correct scaling of their 
ordinates. This has been done and it is evident that the curves have 
approximately the same shape. Altogether ten experiments with cold 
blocks have been completed, and on the whole there has been good 
agreement between potential and excitability, In six cases the coin- 
cidence was as close as that shown in Fig. 1. In the remaining experiments 
there was more divergence, but with one exception this was not large 
enough to require special comment. In this case both potential and 
excitability were unusually prolonged. The duration of the increase in 
excitability was 10 msec. but the potential lasted for about 20 msec. 
Unfortunately, it is uncertain whether this divergence was genuine, or 
whether it depended upon modification of the electrotonic potential by 
unblocked fibres. The records showed that there were certainly some 
unblocked fibres present, and these may have produced more serious 
distortion than was realized at the time of the experiment. Another 
possible explanation of this case of divergence is discussed later. 

At a pressure block the potential curves were much more rapid, and 
it is satisfactory to find that the time scale of the increase in excitability 
was correspondingly reduced. Fig. 1c shows the result of a typical 
experiment. The prolonged tail in the excitability curve was an un- 
expected phenomenon, but it corresponds exactly with the unusually 
large negative after-potential shown by the electrotonic wave. The after- 
potential appears to depend upon the influence of the compression, since 
it was obtained under conditions when the nerve proximal to the block 
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Fig. 1. Potential and excitability time curve. Abscisse: time in milliseconds; zero time 

application of 8,. Ordinates: continuous curve, electrotonic potential produced by 

impulse. Dotted curve, circles, increase in excitability measured as increase in action 

potential at C. Scale, linear but arbitrary. a, 3-5 mm. cold block 12 November 1936. 

Potential recorded, ground lead 1-2 mm. distal to block, grid 30 mm. distal. Potential 

scale; 1 unit=0-4mV. 6, 3-5 mm. cold block. 4 November 1936. Leads as in a. 

Scale 1 unit=0-15 mV. c, 3 mm. pressure block. 20 November 1936. Ground 0 mm. 
distal, grid 2-9 mm. distal. Scale 1 unit=0-14 mV. 
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gave a perfectly normal response, The tail in the increase in excitability 
was shown by four out of the five pressure-block experiments, and it has 
been observed in many nerves which were not examined quantitatively. 
It was difficult to form an exact estimate of its duration, but in one case 
it lasted for at least 20 msec. This observation is interesting in connexion 
with the work of Blair & Erlanger [1936]. They have put forward 
evidence to show that a blocked impulse can increase excitability in an 
adjacent section for as much as 100 msec. It is possible that this is also 
due to a negative after-potential. 

If the action of the current produced by an impulse was similar to 
that of an applied current, we should expect the nerve to show some sign 
of accommodation. The excitability should decline more rapidly from 
an earlier maximum than the potential, and the period of increased 
excitability ought to be followed by a phase of depression lasting many 
milliseconds. These effects would not have been large, since the potentials 
were too rapid to produce much accommodation. Moreover, accom- 
modation is likely to be slow in the vicinity of a cold block, for Katz 
[1936] has shown that cooling decreases the rate of accommodation. A 
divergence which may be due to accommodation can be seen in the 
curves of Fig. 1 a and 6. The phase of depression following the increase in 
excitability was certainly an experimental fact, but it is too small to 
afford a convincing demonstration of accommodation. It is possible that 
the one case of divergence between potential and excitability curves may 
have been partly due to accommodation. For on this occasion the 
potential had an unusually long duration and there would have been 
more opportunity for accommodation to occur. 

The important point about these experiments is the general similarity 
between potential and excitability. The measurements were not very 
accurate, and there were often small differences between the two pro- 
cesses. These may have been due to experimental error, but some 
difference is to be expected on theoretical grounds, since a current must 
flow for a certain time in order to produce a change in excitability. The 
general similarity in time relations can hardly be fortuitous, since the 
individual peculiarities of each potential wave were reflected in the 
excitability curves. Thus it is difficult to believe that the coincidence 
between curves of such an unusual shape as those in Fig. 1 c could have 
been due to chance. The only alternative is to suppose that the two 
processes are causally related. The experiments therefore afford strong 
evidence for the view that the current spread which is responsible for 
the electrotonic potential is the cause of the increase in excitability. 


te - 
> 
5 
4 
¥ 
> 
4 
> 
Py. 


216 A, L. HODGKIN 


A possible criticism of this conclusion is that owing to variation in conduction rate, 
impulses in different fibres do not reach the block at the same time. The observed potential 
and excitability curves must therefore be longer and flatter than the curves in the axons 
themselves. If the temporal spread introduced by differences in conduction rate were large 
compared to the duration of the axon response at the block, the composite time curves 
might be more or less independent of the shape of the axon curves, Hence it would be 
possible to have agreement between potential and excitability, without the two processes 
having the same time relations in the axons themselves. At a cold block it is out of the 
question for the temporal spread to be large compared to the duration of the axon response. 
The conduction time to the block was often less than 1 msec., whereas the response at the 
block lasted 5—8 msec. Hence the electrotonic response beyond the block could not have 
differed by more than about a millisecond from the average axon response. This objection 
has more force when applied to pressure block experiments, but it cannot explain the 
correspondence between the negative after-potential and the tail in the excitability curve. 
This type of criticism suggests that it would be unwise to lay much stress on any exact 
agreement between potential and excitability, but it cannot seriously detract from the 
evidential value of the general similarity in temporal properties. 

THE SPATIAL RELATIONS OF THE INCREASE IN 
EXCITABILITY AND POTENTIAL 


In the previous paper it was shown that the current which spread 
through the block was electrotonic m nature, and that it occupied 
several millimetres of nerve. If the increase in excitability was produced 
by the flow of current, it should have the same kind of spatial distribution 
as the potential. This suggests that a good way of testing the electrical 
theory would be to compare the spatial distribution of the change in 
threshold with that of the potential. The measurement of the increase in 
excitability at different points on the nerve raises certain difficulties. In 
the first place it is desirable to use a more quantitative measure of 

excitability than the variation in response to a threshold stimulus; 
for the increase in response produced by a given amount of electrotonic 
potential depends upon the statistical distribution of thresholds in 

_ different fibres, which would not be the same at different points on the 
nerve. It was therefore necessary to determine the change in threshold 
directly. In order to facilitate this measurement, the following procedure 

‘was adopted. The stimulating circuit was arranged so that by movement 
of a single switch the stimuli applied to the nerve were changed from: 

(1) S, alone. 


to — (2) S,, followed at 1-3 msec. by S,, which was now reduced by 
an amount y. y was determined by the magnitude of a 
variable resistance. 

S, was increased till an action potential of suitable size (usually about 

1/10th maximal) was produced. It was then only necessary to increase y 
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to the point where changing the position of the switch produced no 
alteration in the height of the action potential. At this point the increase 
in excitability produced by the impulse was balanced by the reduction in 
the strength of S,. In this way it was possible to measure the decrease 
in threshold very rapidly, and the errors introduced by progressive 
changes in the nerve were reduced. 

The second difficulty was connected with the inequality in the 
resting excitability of different points on the nerve. Excitability was 
not initially uniform, because in addition to the ordinary local variations, 
the thresholds were raised at the electrodes nearest the block. This 
introduces the question of the way in which the increase in excitability 
is to be expressed. For many purposes it is sufficient to express the 
change in threshold as a percentage of the resting threshold. But when 


comparing the influence of the impulse at different points on the nerve, 


it is obviously correct to consider the absolute change in threshold 
current. For the absolute change is independent of the resting excita- 
bility, whereas the percentage change must be less when the resting 
threshold is high. The measurements of the change in threshold at 
different points on the nerve is complicated by the fact that the alteration 
of interpolar length introduces differences in the resistance of the 
secondary circuit. Hence the change in threshold current cannot be 
regarded as proportional to the primary current, which was the ordinary 
measure of excitability employed. In some experiments this difficulty 
was overcome by placing a high resistance in series with the nerve. In 
others the current in the secondary was measured directly by placing the 
amplifier leads across a resistance in series with the nerve. Actually it 
was found convenient to measure, not the peak current, but the total 
quantity of current produced by the shock. This was obtained by con- 
verting the amplifier into a ballistic instrument by means of a condenser 
across the input leads. 

Fig. 2 illustrates the result of an experiment with a pressure block. 
Here the distribution of the potential is compared with that of the change 
and of the percentage change in threshold. The values for the potential 
were determined from photographic records which were made as soon as 
the excitability measurements were complete. The ordinates have been 
scaled so as to superimpose the curves as far as their shape allows. The 
exact coincidence of the change in threshold and potential curves means 
that the two quantities have the same spatial distribution. The fact that 


the ratio Percentage change in threshold 
Potential 
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decreases near the block is presumably due to the thresholds being higher 
in this region. Six experiments of this kind were completed, and the 
results showed that the change in threshold always had approximately 
the same distribution as the potential. The experiments therefore afford 
further support for the view that a spread of electrotonic current is 
responsible for the increase in excitability. 


12 


Fig. 2. Spatial distribution of potential and increase in excitability. 3 mm. pressure block. 
Abscissa: distance beyond block in millimetres. Ordinates: A, 1 unit=0-24 mV.; 
B, change in threshold measured as change in threshold quantity of electricity: 
1 unit=1-8 x 10-" coulomb; C, 1 unit =5 p.c. 


Evidence for the electrical origin of the increase in excitability was 
obtained in a slightly different way. It has been shown that the dis- 
tribution of the extrinsic potential is similar to that of an applied 
electrotonic potential, and it follows from this that the change in 
threshold produced by the extrinsic potential should have the same 
distribution as the change produced by an electrotonic potential. This 
deduction was tested in the following way. First of all the increase in 
excitability produced by the nervous impulse was measured at different 
distances from the block. A current pulse with a wave form similar to 
that of the extrinsic potential was then applied to the blocked section of 
nerve, The circuit for producing this has been described in the previous 
paper. The applied current produced a spread of electrotonic potential. 
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which in turn caused an increase in excitability. The distribution of this 
was then measured in exactly the same way as the change produced by 
the impulse. The method had one great advantage, since it was only 
necessary to observe changes in excitability and there was no need to 
determine values for the extrinsic potential. Hence the experiment could 
be performed with partially blocked nerve, where the increase in ex- 
citability was larger and easier to measure. Actually the most accurate 
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Fig. 3. Experimental details as in Fig. 2. Electrode arrangements for curves 1 and 3 are 
the same as in Fig. 2: arrangements for 2 and 4 shown. Abscissa: distance beyond 
block in millimetres. Ordinates: (1) Change in threshold produced by impulse. 
1 unit=1-8 x 10-™" coulomb. Data same as those in Fig. 2. (2) Change in threshold 
produced by applied current. 1 unit=1-8 x 10-™ coulomb. (3) Extrinsic potential. 
1 unit=0-24 mV. (4) Applied electrotonic potential. 1 unit=0-8 mV. 


results were obtained in a nerve in which it was possible to make suc- 
cessive measurements of: 

(1) Change in threshold produced by an impulse. 

(2) Change produced by an applied current. 

(3) Electrotonic potential produced by an impulse (extrinsic 
potential). 

(4) Electrotonic potential produced by an applied current. 

The results of this experiment are plotted in Fig. 3. It is clear that all 
four processes have similar distributions, and this affords strong evidence 
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for the view that the change in threshold is electrotonic in origin. There 
is, however, one important difference between the action of an impulse 
and of an applied current. The similarity of the potential curves indicates 
that the values for the two potentials were in a fixed proportion to one 
another, but it does not mean that their absolute magnitudes were 
identical. This would only be true if the ordinate scales were the same, 
whereas the scale of the extrinsic potential was actually about three 
times larger than that of the electrotonic potential. This implies that 
the electrotonic potential had to be three times as large as the extrinsic 
potential in order to produce the same change in threshold. The differ- 
ence will be discussed in detail later on; for the moment it is sufficient 
to point out that it is partly due to the fact that the electrotonic potential 
was distributed uniformly throughout the fibres, whereas the extrinsic 
potential occurred to different extents in différent fibres. It was only 
once possible to obtain satisfactory measurements of the four quantities 
plotted in Fig. 3, but in six experiments the excitability changes due to 
impulse and to applied current were compared. Like the experiment of 
Fig. 3 the results showed that the spatial decline of the change in 
threshold was the same whether it was produced by the nervous impulse 
or by an applied current. 

The natural conclusion from the spatial properties of the increase in 
excitability is that it depends upon a spread of electrotonic current. 
There is, however, one conceivable objection to this view, and it is well 
to consider it in some detail. For the sake of argument, let us suppose 
that the increase in excitability has nothing to do with the extrinsic 
potential, and that it is really confined to an exceedingly small length of 
nerve just beyond the point where the impulse fails. The fact that a 
change in threshold is observed when a stimulus is applied several 
millimetres distal to this can be explained by supposing that catelectro- 
tonus spreads from the stimulating electrode and sums with the impulse. 
If the electrode is moved farther away from the block, there is less 
catelectrotonus and so a smaller change in threshold is observed. On this 
view, the apparent decline of excitability along the nerve is a property 
not of a process set up by the impulse but of the extent of spread of the 
stimulus. There are several reasons why this hypothesis in its most 
extreme form is untenable, but it is best excluded by the following 
experiment. The S, electrodes were arranged so that the anode was 
interposed between the cathode and the block (Fig. 4A). There was now 
no possibility of catelectrotonic potential reaching the block itself, and 
any change in threshold must depend upon an actual change at or within 
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a millimetre of the cathode. Under these conditions it was found that 
the impulse still produced a large change in threshold. The results of an 
experiment with a pressure block were as follows: 


Tastz I. 3 mm. pressure block. 9 December 1936 


Electrode pong, “wary A 4 1146 decrease 
) p-c. in threshold 
Cathode 3-0 mm. distal. 
Arrangement B 4 15-5-14-6 
Cathode 3-0 mm. distal 
S, 
am 
+ 
A B 
Fig. 4. See text. 


This experiment shows that the two percentage changes were not identical, 
and it was found that the change was always lower with the arrangement 
of Fig. 4A. This was unexpected, since the position of the cathode was 
fixed and variations in the local excitability ought not to have affected 
the results. | 

There are various possible explanations of this difference, but it is 
unnecessary to discuss them, since exactly the same result was obtained 
when an applied current was substituted for the impulse. The measure- 
ments in Table II were made at the same time as those in Table I. Itis 
clear that the difference between the two electrode arrangements depends 
upon something which is common both to an impulse and to an applied 
current, It is therefore unnecessary to analyse the phenomenon further, 
for the object of this paper is to discover how far the influence of the 


¢ 

¥ 

y 
5 
4 
Z 
4, 
gt 


222 A, L. HODGKIN 


Taswz II. Details as above, except that increase in excitability was produced 

by applying pulse of current to blocked nerve, instead of by blocked impulses 

nervous impulse can be explained in terms of the known properties of 

an electrical stimulus; it is not concerned with the mechanism of electrical 
stimulation. 

THE RELATIVE MAGNITUDES OF INCREASE IN 
EXCITABILITY AND POTENTIAL 


In the previous section it was shown that the spatial and temporal 
properties of the increase in excitability were very similar to those of the 
electrotonic potential. The conclusion from this is that the local circuits 
which produce the electrotonic potential are the cause of the increase in 
excitability. The next problem is to consider the bearing of this conclusion 
on theories of nervous transmission. The experimental evidence shows 
that spread of electrotonic current can decrease the electrical threshold 
by as much as 90 p.c. The largest changes were observed when the block 
was incomplete, or when its intensity was only just sufficient to abolish 
conduction. Increasing the severity of the block reduced the increase in 
excitability. If the nerve was allowed to recover, the percentage change 
in threshold increased, until finally a point was reached at which impulses 
were transmitted. It is reasonable to infer that the same process was 
operating throughout, and that impulses were transmitted at the 
moment when current spread decreased the threshold by 100 p.c. This 
affords strong evidence for an electrical theory of transmission. For local 
circuits should be more than sufficient for normal propagation, if they 
can transmit activity through a region impaired by cold or pressure. The 
argument may be given a more definite form by considering the relative 
magnitudes of potential and excitability. If it was found that current 
spread, which was associated with a potential difference of 1 mV., caused 
a 90 p.c. change in threshold, we should be able to conclude that an 
action potential of 20 mV., could be propagated electrically with a wide 
margin of safety. 

The measurement of the relation between potential and increase in 
excitability raises various problems. In the first place, the results 
obtained with a block do not necessarily apply to normal nerve. For the 
thresholds are raised in the vicinity of the block, and so the ratio 
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would be smaller than in unblocked nerve. There is a more serious 
difficulty than this. If the relation between potential and change in 
threshold is to have any meaning, the measurements must refer to the 
same nerve fibres, and if the increase in excitability is measured in the 
ordinary way this will not be the case. Suppose, for example, that there 
is a large spread of electrotonus in a few fibres. If the stimulating current 
is adjusted to produce a threshold action potential, a large increase in 
excitability would be observed, although the average increase in ex- 
citability might be very small. The potential is made up of contributions 


Fig. 5. 3-5 mm. cold block. S, applied 1-2 mm. distal to block. Abscissa: strength of 
S, shock. Primary current in milliamperes. Ordinates: Action potential in milli- 
volta, produced by: (1) S, alone; (2) 3S, in presence of impulses set up by §,; 


from all the fibres in the nerve trunk, and it would be illogical to compare 
it with an excitability change which was limited to a few fibres. The 
following experiment illustrates this difficulty, and at the same time it 
suggests a possible solution. 

The relation between the strength of a stimulus (S,) and the action 
potential it produces was determined at a point beyond the block. This 
gave curve 1, fig. 5. Curve 2 was obtained by repeating the operation 
in presence of a blocked impulse. Since the excitability was increased, 
the strength response curve was shifted to the left. Now it has been shown 
that the potential is proportional to change rather than to percentage 
change in threshold. Hence the two curves ought to have the same 
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shape, if the potential were distributed uniformly throughout the fibres. 
Actually curve 2 is flatter than curve 1, and the change in stimulating 
current was greater for a threshold response than for a half-maximal one. 
The experiment suggests that the increase in excitability occurs to 
different extents in different fibres, and this conclusion is supported by 
the shape of curve 3. Here the change in excitability was produced by 
an applied current. This seems to produce a more uniform distribution of 
electrotonic potential in the fibres, for the curve obtained has the same 
shape as the initial strength-response curve. 

The difficulty introduced by the heterogeneous distribution of the 
increase in excitability can be overcome if the curves in Fig. 5 can be 
obtained. For measurement of the area between curves 1 and 2 allows 
the average change in stimulating current to be determined. This 
quantity may be defined more precisely as the mean abscissa difference 
between two strength-response curves, The average change can be com- 
pared with the potential, since it depends upon the algebraic sum of the 
contributions from all the fibres in the nerve trunk. Thus a constant 
amount of electrotonic potential should be associated with a constant 
average change no matter how it is distributed throughout the fibres. 
The method of measuring average change is a laborious one, since it 
requires the measurement of two strength-response curves, but it seems 
to be the only way of obtaining a valid relation between potential and 
excitability. 

Before attempting to investigate the relation between the extrinsic 
potential and the increase in excitability, it is well to consider another 
problem which is raised by the curves in Fig. 5. This is the question of 
the relative efficiency of extrinsic potential and applied electrotonic 
potentials in producing an increase in excitability. The experiment of 
Fig. 3 showed that the electrotonic potential had to be three times as 
large as the extrinsic potential to produce the same change in threshold. 
This must have been partly due to the difference in the distribution of 
the two potentials. For a potential which is uniformly distributed 
throughout the fibres would produce a smaller change in threshold than 
one with a random distribution. The important problem is not whether 
the potentials produce the same threshold change, but whether the 
average changes in excitability are the same. In the experiment of 
Fig. 5 the value for the applied electrotonic potential was 2:2 mV. and 
for the extrinsic potential 1-7 mV. The average changes in stimulating 
current were 1-1 and 1-9 units, The extrinsie potential was therefore about 
twice as efficient as the electrotonic potential in producing an increase in 
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excitability. Several experiments were performed with the object of 
discovering the relative efficiencies of the two potentials. 


It was necessary to determine three curves like those in Fig. 5. These were not measured 
separately, but the values for each strength of current were observed simultaneously. 
The average change in excitability was always measured from curves made with both 
ascending and descending current strengths. The observations in Fig. 5 were for descending 
strengths. The ascending curves had essentially the same shape, but they have not been 
included because they did not coincide exactly with the others and would have confused 
the graph. The current pulse for producing the electrotonic potential was applied to the 
blocked nerve in the same way as before (p. 219). The shape of the applied electrotonic 
potential was similar to that of the extrinsic potential. Records of it were given in a 
former paper [Hodgkin, 1937, p. 202]. The potentials were measured at the moment when 
the testing shock (S,) was applied; this was usually at about the maximum of extrinsic 
and applied potential waves. The values for the two potentials were observed at the 


beginning and end of the excitability measurements. All the experiments were made with 
3-5 mm. cold blocks. 


The results of these experiments are summarized in Table III. The 
figures in the right hand column indicate the relative effects on excitability 
of extrinsic and applied electrotonic potentials. They were obtained from 
four measurements, namely, 

(a) average change in stimulating current produced by extrinsic 
potential, 

(6) extrinsic potential, 

(c) average change in stimulating current produced by applied 
electrotonic potential, 

(2) applied electrotonic potential. 

The relative effect of the two potentials is given by a/b +c/d, and this 
is the quantity tabulated in the right-hand column. 


Tasxez III, Effect of extrinsic and applied electrotonic potentials on excitability 


Excitability change per mV. 
extrinsic potential 

Experimental details. Date and Excitability change per mV. 

distance from block applied electrotonic potential 
16. xi. 36: 1-2 mm. distal 146 
18. xi. 36: 1-2 mm. distal 2-3 
18. xi. 36: 1-2 mm. distal 146 
14, xii. 36: 2-4 mm. distal 1-4 
14. xii. 36: 1-2 mm. distal 1-4 
15. xii. 36: 2-4 mm. distal 15 
15. xii. 36: 2-4 mm. distal 1-5 
18. xii. 36: 1-2 mm. distal 2-3 


Table III shows that the extrinsic potential always produces relatively 
larger changes in excitability than an applied electrotonic potential. A 
detailed discussion of the reason for this difference is beyond the scope of 
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this paper, but two possibilities may be mentioned. In the first place it 
is important to notice that the wave form of the two potentials was not 
identical, Part of the difference in action may be explained on this 
basis, but it is difficult to attribute all the difference to this. For both 
potentials lasted several milliseconds, and their stimulating efficacy 
should have depended more upon amplitude than upon wave form. In 
the second place, it is possible that an electrotonic potential may not 
be entirely due to spread of current along nerve fibres, but may be partly 
determined by connective tissue sheaths and other structures in the 
nerve trunk. If this is correct we should expect to find a difference 
between the action of an electrotonic potential produced by an impulse 
and one produced by an applied current. For a potential of internal 
origin ought to depend much more upon current spread along the axons 
than one of external origin. Hence the extrinsic potential should cause 
larger changes in excitability than an applied electrotonic potential. 

It will by this time have become evident that there is no constant 
numerical relation between the extrinsic potential and the increase in 
excitability. This is due primarily to variability in the resting excitability 
of nerve beyond the block. In a freshly blocked nerve the resting 
threshold does not differ markedly from normal, but it may be increased 
many times in a nerve which has been subjected to the prolonged action 
of the block. In the first case, a potential of 1 mV. causes a large per- 
centage change in excitability, but in the second the change may be too 
small to be measured. The interesting question is the size of the ratio 
Percentage change in excitability 

Extrinsic potential 


in normal nerve. | 

If we could estimate this ratio, we should be able to form some idea 
of the fraction of the action potential required for excitation. The 
importance of this quantity is that it determines the size of the margin 
of safety in the electrical transmission of impulses. If only a small 
fraction of the action potential was required for excitation, there would 
clearly be a wide margin of safety; for action potential or excitability 
would have to be considerably reduced before conduction failed. On the 
other hand, if a large fraction of the action potential were required to 
excite, transmission would fail after quite a small reduction had occurred. 
The final experiments in this research were an attempt to estimate the 
fraction of the action potential required for the excitation of normal 
nerve. The method employed consisted in observing potential and ex- 
citability in nerves which had been subjected to a minimal amount of 
blocking. 
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In order to illustrate the principle of the method we must again refer 
to the experiment in Fig. 5. Here the average change in excitability 
produced by the impulse could be determined from the area between 
curves 1 and 2; it was 1-9 units. This was produced by an extrinsic 
potential of 1-7 mV. Hence 1-7 mV. potential was equivalent to 1-9 units 
of current. Ourve I indicates that the resting threshold was 7-1 units. 
If we assume that the change in threshold is directly proportional to the 
potential it follows that a potential of 1-7 x 7-1/1-:9=6-4 mV. would be 
equivalent to a threshold stimulus. Now this result cannot be applied to 
normal nerve, since these measurements were made after the block had 
been in action for some time. Table V summarizes the result of a series 
of similar experiments with freshly blocked nerve. Cold blocks were 
used throughout and the experiments were discontinued unless the 
necessary Measurements could be made within about 20 min. after the 
cooling had been started. The curves for determining the average change 
in stimulating current were made in exactly the same way as those in 
Fig. 5. With the exception of the values marked with an asterisk, the 
figures in Table V are for the mean of two observations. The order in 
which the measurements were made was as follows: 

(1) Extrinsic potential. : 

(2) Curves for determining average change in stimulus, made with 
increasing current strengths. 

(3) Curves made with descending current strengths. 

(4) Extrinsic potential. 


Tasiz V. Relation between extrinsic potential and 
excitability change in freshly blocked nerve 


Potential 
Extrinsic 
and distance in stimulus (calculated) 
from block ae. mV 
16. xi. 36: 1-2 mm. distal 0-7 0-24* 2-9 
18. xi. 36: 1-2 mm. distal 10 0-37* 2-7 
14. xii. 36: 2-4 mm. distal 0-56 0-24 2-3 
14. xii. 36: 1-2 mm. distal 0-74 0-24 3-1 
15. xii. 36: 2-4 mm. distal 0-65 0-21 3-1 
16. xii. 36: 2-4 mm. distal 0-57 0-22 2-6 


The unstable condition of freshly blocked nerve prohibited accurate 
measurement, but the determinations usually agreed to within about 
20 p.c. The average change in stimulating current produced by the 
impulse has been expressed as a fraction of the initial threshold (col. 3). 
The calculated values for the potential required to excite are given in 
col, 4; they were obtained by dividing col. 2 by col. 3. 
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Table V suggests that a potential of between 2 and 3 mV. may be 
sufficient for excitation. In these nerves the amplitude of the action 
potential after conduction to the block was about 20mV. Hence it 
appears that only about a tenth of the action potential may be required 
for excitation. It is still uncertain if this is the smallest possible fraction 
required for excitation. Near a cold block the duration of the extrinsic 
potential was 4 or 5 msec., so that it could not go far above the rheobase 
without exciting; nevertheless it is possible that an even smaller potential 
would have sufficed if it had a longer duration and a more abrupt onset. 

If the argument of the preceding paragraphs is correct, it follows 
that the extrinsic potential beyond the block ought not to exceed a value 
of 2 or 3 mV. without propagating impulses. This deduction has been 
verified. It is possible to obtain extrinsic potentials of 3 or 4 mV. which 
are practically free from unblocked impulses, but these only occur in 
nerves where the threshold has been raised by prolonged blocking. In 
fresh nerves impulses are always propagated through the block as soon 
as the potential beyond it rises above 1 or 2 mV. The potential was 
recorded at a lead which was 1-2 mm. from the distal side of the cooling 
rod, so that the potential at the edge of the block may have been larger. 
However there is evidence to show that the margin of inexcitable nerve 
was often very close to this lead. I have observed that in fresh nerves 
block does not occur until ice has formed over the whole of the cooled 
section (3-5 mm.) and that it often has to spread for 4 mm. beyond. It is 
reasonable to suppose that the whole of the frozen region is inexcitable, 
and in this case the inexcitable nerve must extend to within about } mm. 
of the recording lead. Now the potential only falls by about 20 p.c., in 
this distance, so that the potential recorded would not have been very 
different from that at the edge of the block. If this is correct it follows 
that the potential at the edge of the block cannot exceed 1 or 2 mV. 
without propagating impulses. The method is obviously a very crude 
one, but the results are consistent with the view that a small fraction— 
approximately one-tenth—of the action potential is sufficient to excite. 
Like the previous method the experiments are open to the objection that 
the boundary between excitable and inexcitable nerve is almost certainly 
not a sharp one. Hence even under the most favourable conditions, the 
potential at the edge of the block would have less influence than in 
normal nerve. 

It is clear that the estimate of one-tenth for the fraction required to 
excite is at best only a first approximation. There are so many possible 
sources of error in experiments with mixed nerve trunks that any 
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quantitative conclusions must be regarded with great diffidence. The 
main justification for including these final experiments is that they give 
a definite, although qualitative, indication of a wide margin of safety in 
the electrical transmission of impulses. 

At first sight this conclusion seems to be in conflict with the properties 
of electrotonus. Records published by Schmitz & Schaefer [1933] 
show that an electrotonic potential of 12 mV. is required for excitation 
at the cathode of a rheobasic stimulus. Now experiments described in 
this paper suggest 

(a) That the change in threshold produced by the extrinsic potential 
is 1-4-2-3 times as large as that produced by an applied electrotonic 
potential. 

(6) That an extrinsic potential of 2-3 mV. is required to excite. 

If these conclusions are correct we should expect that an applied 
electrotonic potential of about 4 mV. would excite. The explanation may 
be that Schmitz & Schaefer were recording the electrotonic potential 
at the cathode of the applied current, whereas in my experiments 
potential and excitability were observed at a distance of 2 or 3 mm. from 
the cathode. It is possible that the ratio 

Change in threshold 
Potential 
may be less in the immediate vicinity of the cathode than at a distance of 
2 or 3 mm. This is to be expected if electrotonus is partly due to polari- 
zation at the connective tissue sheath, for the effect of this would be 
greatest at the point where current was led into the nerve. 


Discussion 


The main conclusion from this research is that it is possible for nervous 
impulses to be transmitted by the electrotonic currents produced in 
activity. The experiments do not prove that this is the only process 
involved in propagation, but the assumption of an additional mechanism 
would be unnecessary if all the properties of the nervous impulse could 
be explained in terms of an electrotonic theory. A general discussion of 
the theory is beyond the scope of this paper, but it is well to consider 
whether there are any serious objections to the view that impulses are 
transmitted by electrotonic currents. 

The accepted explanation of electrotonic currents is that they depend, 
at least in part, upon the cable-like structure of nerve fibres. Owing to 
the high resistance of the myelin sheath current cannot enter an axon 
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at one point, and so local circuits spread for some distance along it. Hence 
the essential point in an electrotonic theory is that transmission depends 
upon local circuits, with current flowing in one direction in the core and 
in the other direction in the interstitial fluid. This is, of course, exactly 
the theory that has been put forward by Lillie [1923], Cremer [1929] 
and many others. Erlanger & Blair [1934] think unfavourably of a 
mechanism involving eddy currents flowing around nerve fibres. They 
consider that conduction is much more likely to depend upon a process 
operating within the axon and they have put forward evidence to show 
“that the eddy currents that are supposed to develop in nerve are without 
physiological significance”. The evidence depends upon their failure to 
demonstrate any increase in excitability in resting fibres lying parallel 
to active ones [Blair & Erlanger, 1932]. I do not think that there is 
necessarily any conflict between this result and my own. My evidence 
suggests that an active section produces electrotonic currents in a resting 
part of the same axon; theirs indicates that an active region cannot 
produce appreciable electrotonic currents in neighbouring fibres. The 
electrical structure of nerve is so complicated that it is difficult to form 
an exact picture of the current distribution in the two cases, but it is not 
unreasonable to suppose that electrotonic current could spread along 
one fibre without affecting others. This would be true if the resistance of 
the interstitial fluid were low compared to that of the cores of the axons. 
For in this case the current in the external circuit of an active fibre 
would flow mainly through the interstitial fluid, and would hardly affect 
adjacent axons. At the moment it is impossible to decide whether this is 
what actually does happen, and it is therefore best to leave the question 
until more is known about the details of current distribution in nerve. 
The most serious problem for an electrical theory is whether a process 
of restimulation by the action current allows a sufficient margin of safety. 
It is certain that conduction can occur after excitability and action 
potential have been considerably reduced. Gasser [1931] showed that 
the threshold was increased fivefold at the beginning of the relative 
refractory period, and Gasser & Erlanger’s [1925] work implies that 
the axon action potentials were reduced by at least 50 p.c. in the relative 
refractory period. Thus in the relative refractory period an action 
potential of half-normal size can be propagated in nerve where the 
threshold is five times normal. Taken at its face value this suggests that 
in normal nerve at least one-tenth of the action potential would suffice 
for excitation. This computation assumes that the whole of the action 
potential is available for stimulation. Theoretical considerations suggest 
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that this is unlikely, so that the critical fraction would probably have to 
be less than one-tenth. 

Other evidence pointing towards a large safety factor comes from 
the question of anode block. If the action potential was only just 
sufficient to excite, it should be possible to block impulses with a very 
small anodal shock. On the other hand, if the amplitude of the action 
potential was much larger than the potential required for excitation, 
impulses could only be blocked by a current many times greater than 
threshold. There does not seem to be any quantitative information about 
the strength of current necessary to block impulses, but it is clear that 
block often does not occur until the intensity of the current is 10-15 times 
threshold. 


This estimate is based on a few preliminary experiments which were made in the 
following way. A sciatic gastrocnemius preparation was employed and a condenser dis- 
charge with a very long time constant (>1 msec.) used for stimulating and blocking. The 
threshold was first found with a descending current and electrodes about 20 mm. apart. 
The current was then reversed and increased until significant anode block occurred. In 
this way the ratio of blocking to exciting voltages could be determined. The estimate of 
ten to fifteen must be regarded as a minimum. At the beginning of an experiment the ratio 
often seemed to be higher, but it was very variable and difficult to measure. Repeatable 
measurements could only be obtained after a few trials, when the ratio had settled down to 
a steady level of between seven and fifteen. 

in these experiments impulses reached the anode about 1 msec. after the make of the 
current, so that there would not have been time for any gradual or lative 
effects to develop. It is not unreasonable to suppose that this type of block depends upon 
a simple neutralization of the anelectrotonic potential produced by the applied current and 
the catelectrotonic potential produced by the impulse. If this is correct, the block/threshold 
ratio indicates the amount by which an action potential exceeds a threshold stimulus. 


The phenomena of anode block and of conduction in the relative 
refractory period suggest that there must be a large safety factor in the 
electrical transmission of impulses. The tentative conclusion from my 
experiments was that only a small fraction of the action potential is 
required to excite, and this implies that electrotonic currents can trans- 
mit activity with a considerable margin of safety. At present there is 
not enough information to decide whether the electrotonic theory allows 
a sufficient margin of safety, and future work may demonstrate the 
necessity for another mechanism besides the electrotonic one. If such a 
mechanism exists, it does not seem to play any part in propagation 
through cold and compression blocks, since all my observations have 
been entirely consistent with the view that impulses are transmitted by 
electrotonic currents. 


4 
‘ 


239 A. L. HODGKIN 


SuMMARY 


1, In a previous paper it was found: 

(a) That a nervous impulse produces a large increase in excitability 
beyond a block. 

(6) That a nervous impulse produces an “extrinsic potential” beyond 
a block. This was shown to depend upon spread of electrotonic current. 

2. In this paper evidence is brought forward to show that the electro- 
tonic current which produces the extrinsic potential is the cause of the 
increase in excitability. 

The evidence is as follows: 

(a) The time relations of the increase in excitability are similar to 
those of the extrinsic potential. Not only is the general shape of the two 
time curves similar, but the individual peculiarities of the potential 
wave are reflected in the excitability curve. This is illustrated by the 
difference between the curves obtained with cold and compression 
blocks. 

(6) The change in threshold beyond the block falls off with distance 
at the same rate as the extrinsic potential. 

(c) The spatial decline of the change in threshold beyond the block is 
the same whether it is produced by an impulse or by an applied electro- 
tonic potential. 

3. The average change in excitability produced by the extrinsic 
potential was 1-4-2-3 times larger than that produced by an applied 
electrotonic potential of the same form. 

4. It was estimated that in freshly blocked nerve an extrinsic 
potential of 2-3 mV. would be required to excite. 

5. The general conclusion is that it is possible for nervous impulses 
to be transmitted by electrotonic currents. 
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ACTION POTENTIALS RECORDED FROM 
AN UNSTRIATED MUSCLE OF 
SIMPLE STRUCTURE 


By C. M. FLETCHER 
From the Department of Physiology, Cambridge 
(Received 31 March 1937) 


CONSIDERATION of the investigations that have been made into action 
potentials in unstriated muscle reveals a remarkable absence of agree- 
ment as to their nature. Until the work of Fuchs [1910], unstriated 
muscles were supposed to be electrically inactive. Since then electrical 
changes have many times been demonstrated accompanying the activity 
of unstriated muscles, but no simple or consistent conception of their 
fundamental nature has been attained. In most cases the spontaneous 
activity of hollow organs, in which it is not easy to control the activity 
of the fibres with a view to analysis, has been the subject of the investiga- 
tions. Recently, however, an attempt at such an analysis has been made 
by Rosenblueth and his co-workers [Rosenblueth e al. 1933; 
Lambert & Rosenblueth, 1935 and Rosenblueth ef al. 1936]. They 
worked chiefly with the nictitating membrane and pilomotor muscles of 
the cat, stimulating them by single shocks applied to their motor nerves. 
The picture of the action potential of unstriated muscle which they have 
reached is none the less far from simple. It consists, they say, of three 
waves which they call I, II and III. I is a monophasic spike and lasts 
80-100 msec.; II begins immediately afterwards and lasts about 250 
msec.; III is more prolonged, coincides roughly with the mechanical 
response and may also be polyphasic. Although Lambert & Rosen- 
blueth compare waves I and II with the spike of the action potential of 
striated muscle and wave III with the contraction potential or “tail” 
[Bishop & Gilson, 1927], this analogy is not pressed in the later work of 
Rosenblueth e al., where the existence of a conducted disturbance in 
unstriated muscle fibres is regarded as improbable. As a result of this 
work, the idea that the action potential of unstriated muscle is complex 
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appears to have been gaining acceptance, so that du Buy [1936], de- 
scribing the electrograms which he recorded from the retractor of the 
stomach of Thyone Bryareus, says that they show two components “as in 
other unstriated muscles”’. 

The question naturally arises whether the action potential of un- 
striated muscle is in itself extremely complicated or whether its apparent 
complexity is due to the intricate structure of the tissues that have been 
the subject of its investigation, and the consequent impossibility of ob- 
taining monophasic records. What is wanted to throw light on this ques- 
tion is an equivalent in unstriated muscle of the frog’s sartorius muscle 
with its parallel fibres running from end to end, in the absence of which, 
as Adrian [1925] pointed out, our present knowledge of the action 
potential of striated muscle might be far less simple than it is. 

In this paper an investigation of action potentials is described in a 
preparation of unstriated muscle which, I believe, fulfils these require- 
ments. 

ANATOMY AND HISTOLOGY 


The muscle used in this investigation was the anterior retractor of the 
byssus of Mytilus edulis, the common seashore mussel. It is attached to 
the shell of the animal at its anterior angle, and runs thence as a white 
cylindrical band along the ventral surface of the body, under the foot, to 
an attachment at the base of the byssus which it shares with its fellow of 
the other side and with all the posterior retractors. It may be as much as 
4-6 cm. long when fully stretched and from 0-5 to 2 mm. in diameter. 
Its function is to supply, together with all the other retractors, a firm 
attachment of the byssus to the shell and thus of the whole mussel to the 
rock on which it lives. In view of this function, I think it must be re- 
garded as a “tonic” rather than as a “phasic” muscle. : 


My attention was drawn to this muscle by Winton’s work [1934] on its different re- 
actions to intermittent and conti timulation. Winton[1934)and Glaister & Kelly 
[1936], who also used this muscle, have mistakenly called it the retractor of the foot, which 
is a separate muscle inserted into the shell just in front of the posterior retractors of the 
byssus on each side. This distinction might prove important; for the foot retractor is pre- 
sumably a muscle of phasic function. It would be easy to use experimentally, and might be 
found to have interesting differences from the retractor of the byssus. 

The histology of the anterior retractor muscle does not appear to have 
been described before. In my own investigation I have only been con- 
cerned with the main features of the muscle’s structure. As fixatives, 
I used 10 p.c. acetic acid in saturated mercuric chloride, 4 p.c. formalin in 
sea water, and Bouin’s fluid. The first of these was found to be the most 
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A cross-section of the muscle shows that it consists of a great many 
(about 50,000) extremely fine fibres gathered into a few large bundles 
arranged rather as a fan, radiating out from a shallow groove on the 
medial surface of the muscle. The fibres in a relaxed muscle have a mean 
diameter of 3—5y (Pl. I (a)). They are very uniform in size with the excep- 
tion of a few large fibres with a diameter of 10-15. One of these fibres 
can be seen in the middle of Pl. I (a) and a whole group is shown in 
Pl. I (c). The small fibres stain much more darkly than the large ones. 
The latter have a markedly stippled appearance in cross-section which 
presumably corresponds to some sort of fibrillar structure. In a con- 
tracted muscle (Pl. I (6)), most of the fibres have the appearance of the 
large fibres in a relaxed muscle, and it seems likely that the latter are just 
contracted fibres, rather than fibres with a separate “tonic” function like 
those described in various unstriated muscles by Bozler [1928]. 

In a longitudinal section (PI. I (d)) the fibres can be seen to be entirely 
free from striation. They are strictly parallel to each other, and there is no 
sign of branching. A good many oval nuclei may also be seen, though they 
do not show well in the photograph. 

Although it is impossible to determine the length of the fibres in 
sections without elaborate and laborious reconstruction, various facts 
point to the remarkable and important conclusion that all, or nearly all 
the fibres run the whole length of the muscle: 

(a) The ease with which monophasic action potentials may be ob- 
tained with widely separated leads (see p. 243). 

(6) The ease with which a fresh muscle may be teased into fine threads 
which run its whole length. This may be done merely by pushing the 
point of a needle up and down the muscle, when there is no tendency for 
the needle to break out sideways. 

(c) A muscle macerated in 40 p.c. nitric acid for 24 hours may be 
broken up, by teasing followed by pressure under a cover-glass, into a 
mass of fine hair-like fibres (Pl. I (e)). These do not branch and, so far as 
can be seen, run from end to end of the muscle. As a control, a dog’s 
retractor penis, and a holothurian longitudinal body wall muscle (which 
are known to have short fibres, de Zilwa [1901], Morin [1933]) were 
treated similarly. Unlike the anterior retractor muscle both broke down 
completely, on gentle agitation, into a mass of separate minute fibres. 

No description can be so convincing as the actual observation, but 
others who have seen and teased one of these macerated anterior re- 
tractor muscles agree that it is hard to avoid concluding that the fibres 
must run continuously from one end to the other. If this is so, the fibres 
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must be multinuclear like striated muscle fibres, since there are too many 
nuclei to be seen in a longitudinal section for there to be only one nucleus 
to each fibre. 


Nerve supply. In the accounts given of the anatomy of Mytilus by List [1902] and 
Field [1921], it is stated that the anterior retractors derive their nerve supply from the 
anterior or ventral retractor byssus nerves which arise from the posterior surface of the 
pedal ganglion; but I have many times tried and failed to elicit a contraction of either the 
anterior or posterior retractors by faradic stimulation of this ganglion. That such stimula- 
tion is effective can be seen from the very powerful contraction of the foot and its retractors 
which it produces. On the other hand stimulation of either visceral ganglion results in 
marked contraction of the posterior retractors on the same side. (The visceral connective 
is, of course, severed in opening the mussel.) It may be, therefore, that the retractors of the 
byssus are not supplied,’ at any rate with excitor fibres, from the pedal ganglion. In this case 
it would not be surprising to find that the anterior retractors were supplied with nerves 
from the cerebral ganglia which lie closely upon their anterior ends; but stimulation of these 
ganglia also fails to cause the muscle to contract. Indeed I have not yet found any stimula - 
tion to be effective unless it is-applied directly to the muscle iteelf. I have, however, 
occasionally observed that dissection, particularly cutting through the byssal attachment 
will make the muscle contract into a kind of tonic state (i.e. the contraction is a prolonged 
one). Not much hope can be held out for the possibility of making a nerve-muscle prepara- 

Attempts have been made to demonstrate intramuscular nerves histologically, but have 
not yet met with success. In several sections multipolar cells looking like ganglion cells 
were seen, but it is probable that they were really only large specimens of the amcboid 
phagocytes with which the blood of Mytilus abounds. 

The question of the presence or absence of nerves in the muscle cannot yet be decided. 
They presumably exist, though with the muscle fibres extending from end to end, they 
might all be localized at one or the other extreme end. 


Finally it can be said that this muscle is very well suited for electrical 
investigation in view of its long parallel fibres. It is very easy to dissect 
out and will continue to contract in isolation under conditions which 
would prevent many less robust preparations from giving reliable and 
repeatable results. Its chief disadvantage is the apparent impossibility 
of stimulating it indirectly. It might, however, be possible to investigate 
the results of indirect stimulation by the use of one of the posterior re- 
tractor muscles which, as has been shown, may be made to contract by 
stimulation of the visceral ganglion. 


APPARATUS 


(1) The muscle chamber. In previous work, this muscle has always 
been stimulated in a fluid electrode of the type described by Winton 
(1926). Such a chamber would clearly be entirely unsuitable for the 
recording of action potentials. A special moist chamber was therefore 
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constructed, a diagram of which is given in Text-fig. 1. It consisted 
essentially of an open ebonite box with internal dimensions 7 x 4 x 5 cm. 
in which the muscle was suspended vertically. It could be closed by a 
plate of glass and thus rendered watertight so that the muscle could be 
soaked in sea water and other fluids while in position on the electrodes. 
Air could be bubbled in to keep the solutions well mixed and aerated, and 
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Text-fig. 1. Diagram of the muscle chamber. 


the whole chamber could be cooled by perfusion of ice-cold water through 
a coiled tube. Electrical contact with the muscle was made at intervals 
of about 5 mm. by eight wooden pegs impregnated with sea water, pro- 
jecting from tubes of agar sea water which were inserted into the sides 
of the chamber near the back. The position of these electrodes was fixed, 
but there were also two agar sea water tubes (not shown in Text-fig. 1) 
which entered the sides of the chamber in front through sliding side- . 
pieces, and which could be moved up and down to make contact with any 
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part of the muscle by means of short pieces of twine. The resistance of 
each of the agar sea water tubes was about 2500 ohms. They all led to 
zinc-zine sulphate electrodes which were of two types: 

(a) For recording. These had only to carry minute amounts of cur- 
rent. They consisted of a small rod of amalgamated zinc in a piece of glass 
tubing filled with isotonic zinc sulphate solution and closed at the bottom 
by a plug of gelatine sea water. This tube was further inserted into sea 
water in a prolongation of one of the agar sea water tubes which led to 
the muscle. These electrodes had a resistance of about 250 ohms. 

(6) For stimulating. Difficulty was experienced in designing electrodes 
to carry the large currents sometimes needed 
for stimulating the muscle. The final design is 
shown in Text-fig. 2. A5/8 in. rod of amalga- 
mated zinc was inserted into a Jena bacterial 
filter (15 A~G/A) filled with isotonic zinc sul- 
phate solution. This was in turn inserted into 
a tube of sea water connected to one of the 
agar sea water tubes which led to the muscle. 
Two of these stimulating electrodes were 
attached to the bottom fixed tubes, while the 
other two were attached to the movable 
tubes. These electrodes, tested on a Wheat- 
stone’s bridge circuit, appeared to be able to ee 
pass 10 mA. without appreciable polarization. Text-fig. 2. Diagram of the 
The most important factor in making up the tine-zinc sulphate cleo- 
electrodes seemed to be the careful amalgama- stimulating current to 
tion of the zinc with mercury. Polarization 
became appreciable at once when the surface of the zinc began to get 
tarnished. These electrodes, once made up, lasted without appreciable 
deterioration for at least a fortnight. Their resistance was about 150 ohms. 

The wires from the non-polarizable electrodes went to a switch box by 
which leads from the stimulating circuit and from the recording system 
could be quickly switched on to any desired electrode. 

(2) Recording devices. The electrical recording system consisted of a 
four-stage directly coupled amplifier similar to that described by Adrian 
[1931] but of rather simpler design. The output stage supplied an oscillo- 
graph like that described by Winton [1936]. It was a Weston micro- 
ampere moving-coil relay with strengthened springs and a fine aluminium 
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of 18 c.p.s. It was damped by a vane travelling vertically in an oil bath. 
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The period was not greatly increased by the damping; for when rect- 
angular pulses were applied to the damped oscillograph the deflexions 
reached their final level (within 5 p.c.) in just over 0-05 sec. Thus the 
instrument was adequate to record the action potential of the anterior 
retractor muscle without appreciable distortion, for its rising phase never 
occupied less than 0-1 sec. 

The whole electrical recording system was found to give linear de- 

flexions over nearly the whole of its range. The maximum amplification 
obtainable was 1 mV. =2 cm. 

(3) Stimulating devices. (a) Condenser discharges were applied to the 
muscle by a tapping key or by a com- 
mutator for single or repetitive stimuli, 
the arrangement being exactly like that 
described by Hill [1934]. 

(6) Long galvanic stimulation was 
applied directly from a potentiometer 
by hand. Shorter pulses of current were 
delivered -through a rotary contact 
maker, 

(4) Balancing of “stimulus escape”. 
Since the stimuli, which were often 
necessarily very large, were being applied 
to the muscle in a chamber whose walls 


the current tended to leak round the 
walls, and to cause a potential difference 
between the recording electrodes. Un- about 7000-20,000 ohms 

less special precautions were taken this  ‘ *B® distance between the leads. 
leak could be sufficiently great to mask the action potential of the muscle 
completely. It was found that by covering the walls of the chamber and 
the electrode tubes very carefully with a coat of paraffin wax, this escape 
of current could be prevented; but after the chamber had been filled 
several times with sea water the insulation of the wax began to break 
down. As re-waxing was a laborious process, and as the escape was very 
small at first, a balancing circuit was arranged (Text-fig. 3) by which part 
of tue stimulating current was led to the recording leads through a high 
resistance in order to balance out that part of it which had reached them 
round the walls of the chamber. After the chamber had been in use for 
some time, this balancing of stimulus escape became inconveniently 
difficult, and the chamber had to be re-waxed. When this was done it was 
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essential to remove the old wax thoroughly before applying the new 
coat. 

The balancing circuit had to be used in the majority of experiments. 
Its effectiveness depended on the strict non-polarizability of the stimu- 
lating electrodes. If they polarized, the escaping current was distorted in 
one sense and the balancing current was distorted in the other, so that 
the two could never balance (i.e. a back potential in the stimulating 
electrodes reduced the current reaching the recording electrodes round 
the walls of the chamber, and increased the current reaching them through 
the balancing circuit). Even the large non-polarizable electrodes did not 
completely overcome the difficulty; for another source of polarization lay 
in the muscle itself. This polarization was, however, an extremely slow 
process and could be considerably reduced by the use of very brief 
stimuli. 

The resistance of the balancing circuit was kept high so that action 
potentials should not be recorded from the stimulating electrodes. That 
such recording did not in fact occur was shown by the exact similarity 
between identical records taken with and without the balancing circuit 
when the chamber had recently been re-waxed. 


PROCEDURE 


The mussels were sent from Plymouth packed in damp seaweed, and 
were stored in a refrigerator at about 0° C. till required. Only the larger 
specimens (8 cm, in length and over) were used as it was convenient to 
have the muscles as long as possible. It was very important that the 
animals should be in good condition if satisfactory results were to be 
obtained. The most useful criteria of ‘good condition” seemed to be that 
the mantle should not tear away from the shell on opening the mussel, 
and that the foot on being mechanically stimulated should be sharply 
retracted. 

The mussels were opened by cutting both adductors in the midline. 
First the foot was removed by cutting its retractor muscles and its attach- 
ment to the base of the byssus. The muscle was then cleaned of connective 
tissue, and a cut was made in the midline through the base of the byssus 
and a string was tied round the muscle behind the actual attachment of 
the byssus, thus avoiding damage to the posterior ends of the fibres in 
most cases. Another thread was tied close to the attachment of the 
muscle to the shell. This thread inevitably damaged the fibres. Attémpts 
were made to avoid the injury by cutting out a piece of the shell with the 
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attachment of the muscle. But this method was not very satisfactory for 
the shell was very tough and it was difficult to avoid injury to the muscle 
while chipping it away; moreover, the muscle was inclined to tear away 
from its attachment to the shell during an experiment when prepared in 
this way. The muscle was removed by cutting each end beyond the 
threads, was immediately put into a beaker of sea water, and was trans- 
ferred to the chamber with as little delay as possible. The chamber was 
filled with sea water, air was bubbled in, and the muscle was left to soak 
in this aerated sea water, stretched by a 10 g. weight, for at least 2 hours, 
and usually for 4 hours. This soaking was done for several reasons: 

(a) Because Eggleton [1934] has shown that, as the result of dis- 
section, the phosphagen of the muscle may be largely broken down, but 
that it is restored after 2 hours’ rest in aerated sea water. 

(6) Because it was found that the action potential was often very 
small immediately after dissection, but increased with rest to reach its 
full size after 2 or 3 hours in aerated sea water. 

(c) Because the muscle usually stretched slowly for 2 or 3 hours be- 
fore it reached its full length. Muscles that showed a lot of tone after 
dissection were briefly tetanized immediately after insertion into the 
chamber as this encouraged their relaxation. 

Sea water was used for soaking the muscle in preference to any arti- 
ficial Ringer’s solution because other workers with this muscle [Eggle- 
ton, 1934; Winton, 1934; Glaister & Kelly, 1936] have always found 
it quite satisfactory. Further, when Ringer’s solutions were occasionally 
tried, they were found to make no apparent difference, and they were 
troublesome to make up, whereas sea water could always be obtained 
easily. 

Before starting an experiment, the air was turned off, the sea water 
was run out of the chamber and surplus water was blotted off the wooden 
electrodes. 


DESCRIPTION OF THE ACTION POTENTIAL 
Reality and general nature of the action potential 
In view of the doubt that appears to prevail as to the nature and even 
as to the existence of true action potentials in unstriated muscle, it is 
necessary to exercise the greatest caution in the interpretation of any 
electrical changes associated with their activity. All that may therefore 
be said at first about such electrical changes in the anterior retractor of 
Mytilus is that if a brief electrical stimulus is applied to one end of a 
muscle which is in good condition, and two recording leads are placed one 
PH. XC. ; 16 
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in the middle of the muscle and the other at the other end, a prolonged 
difference of potential—amounting to as much as 6 mV.—may be re- 
corded, outlasting the duration of the stimulus. Its shape is monophasic 
if the end of the muscle under the distal recording lead is injured (by 
squeezing it firmly with heated forceps), and diphasic if it is not. The 
polarity of the monophasic potential and of the first phase of the diphasic 
potential is such that the lead in the middle of the muscle becomes 
negative relative to the lead at the end of the muscle. A record of such a 
potential change before and after injuring the muscle under the distal 
recording lead is given in Text-fig. 4. 


Text-fig. 4. Electric response of the muscle to a single condenser discharge (RC = 14 msec., 
30 V.); (a) before crushing, (6) after crushing the end of the muscle. Temp. 15° C. 
N.B, The arrangement of the leads and the position of the crush is shown in this 
and subsequent records by the accompanying diagram, the muscle being represented 
with the byssal end uppermost. 


Though at a first glance it seems very likely that this potential change 
is an action potential not unlike that found in striated muscle, two ways 
in which it might be produced, other than by the activity of the muscle, 
must be considered and dismissed before this conclusion can definitely be 


(a) It might be due to the escape to the recording leads of the stimu- 
lating current. This possibility may be rejected at once; for if the muscle 
is crushed between stimulating and recording leads the “ action potential” 
can no longer be recorded, while the quick deflexion which is due to the 
escape of stimulating current remains. 

(6) It might be due to the movement of the muscle. As the result of 
injury to the fibres, there was always a gradient of potential along a 
resting muscle so that its movement on the recording leads would result 
in a change of potential difference between them. This possibility can be 
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excluded by the fact that passive movement of the muscle on the elec- 
trodes greater than any movement that was ever associated with the 
muscle’s own contraction resulted in changes of potential which were 
quite insignificant compared with those of the “action potential” 

The rejection of these possible sources of artifacts makes it legitimate 
to conclude with some measure of certainty that the potential change 
deserves to be called an action potential in that it is an expression of 
activity in the muscle. 


The “shape” of the monophasic action potential 

The monophasic record shown in Text-fig. 4 was obtained with one 
lead on the injured end of the muscle. Such an arrangement can only be 
assumed to give a monophasic record if it is known that the fibres of 
which the muscle is composed all extend from one end of it to the other. 
If they do not, as Adrian [1925] showed by the use of the short-fibred 
tenuissimus muscle of the cat, a second phase will be recorded as the 
action potential reaches the uninjured ends of the stimulated fibres, the 
rest of the muscle fibres beyond them merely acting as an extension of the 
distal recording lead. Conversely, if a record can be shown to be truly 
monophasic both leads must then be on the same fibres which must be 
effectively injured between the leads, or under one of them. By this 
means it is possible to decide whether or not the constituent fibres extend 
from end to end of a muscle. The records of Text-fig. 4 show that the 
majority of the fibres must do so in the anterior retractor muscle; for the 
second phase of the action potential has been greatly diminished by 
injuring the extreme end of the muscle, and even appears to have been 
completely abolished. None the less it is possible that there is still a small 
second phase concealed in the descending limb of the supposedly mono- 
phasic record, due to some fibres which have ended between the leads and 
have thus escaped injury. If that is so, it should be possible to change the 
apparent shape of such a record—making it more truly monophasic—by 
moving the proximal lead closer to the distal lead at the injured end of 
the muscle. 

This experiment has been repeated many times and some tracings 
from typical records obtained are given in Text-fig. 5. In nearly every 
case the shape of the action potential was not appreciably changed by 
alteration in the position of the proximal recording lead, as in Text-fig. 5 A. 
(The diminution in size of the action potential as it approaches the injured 
end of the muscle will be discussed presently.) Occasionally, however, as 
in Text-fig. 5 B and C, the record taken from the lead nearest to the 
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stimulating lead was of a markedly different shape from the others. There 
are three possible ways of explaining this observation: 

(a) It might mean that fibres are ending between the nearest lead and 
the more distal ones. 


Text-fig. 5. Tracings of action potentials recorded at various distances from the 


stimulating leads. 
A. Stimulus: Condenser discharge RC= 5 msec., 15 V. Temp. 15° C. 
B. Stimulus: RC =11 masec., 15 V. Temp. 15° C. 
C. Stimulus: RC =20 msec., 6 V. Temp. 12-5° C. 


The tracings have been corrected to linear co-ordinates. This was necessary since 

the oscillograph pointer wrote in the arc of a circle, and the actual records were con- 

distorted. To correct them they were traced on to squared paper with a 

record of the oscillograph arc. They were then redrawn, adding or subtracting at any 
point the amount by which the arc diverged from the straight ordinates. 


(6) It might mean that the action potential gets out of phase, as it 
travels down the muscle, owing to differing conduction rates in the 
various fibres, and consequently gets more rounded. (That the action 
potential is conducted down the muscle at a finite rate will be shown 
presently.) 
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(c) The electrotonic potential which is developed in the neighbour- 
hood of the point of stimulation might have distorted the action potential 
in this region. (This electrotonic potential will be discussed in a later 


per.) 
The third alternative is probably the correct explanation of the small 
and rounded action potential close to the stimulating lead in Text-fig. 5B; 
for in this case the stimulus was anodal, and anelectrotonus would reduce 
the size of the action potential. On the other hand either of the first two 
alternatives would account for the change of shape seen in Text-fig. 5C; 


Text-fig. 6. Tracings of action potentials (corrected to linear ordinates) with the muscle 
crushed in various places. 


A. Stimulus: Condenser discharge RC =1-5 msec., 25 V. Temp. 18° ©. 
B. Stimulus: Condenser discharge RC =2-5 msec., 35 V. Temp. 16° C. 


for they both demand that the action potential should get more rounded 
as it travels down the muscle, but the first of them—that fibres are ending 
in the middle of the muscle—can be shown to be incorrect by injuring the 
muscle close to the proximal recording lead. 

In Text-fig. 6 are given tracings of action potentials from muscles 
crushed first at one end and subsequently at points closer to the proximal 
recording fead. The size of the action potential is greatly reduced by this 


procedure, but its shape is not significantly altered; if there were fibres — 
ending in the middle of the muscle, thus escaping injury from the first 
crush, the action potential would become more prolonged or have a less 
concave descending limb in consequence of the subsequent crushing. 

It therefore seems reasonable to conclude that the fibres do run from 
end to end of the muscle, and that the change of shape of the action 
potential in some cases, as it travels away from the stimulating lead, is 
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due to its becoming out of phase in the different fibres which do not all 
have the same conduction rate. 

The characteristic shape of the action potential may be seen from the 
various examples which accompany this paper. The rounded ones like 
No: 1 in Text-fig. 5 B are rare, and by far the most usual shape is one in 
which the potential rises steeply to a maximum and then falls off more 
slowly along a curve whose slope decreases steadily. The total duration 
of the action potential varies from 1-0 to 2-8 sec., and the duration of the 
rising phase—from start to summit—varies from 0-1 to 0-3 sec. 

In respect of its shape, this action potential, though on a slower time 
scale, is very like that which is well known in striated muscle and nerve. 


The conduction of the action potential 


The action potential is conducted down the muscle at a uniform rate. 
That this is so may be seen from & series of action potentials recorded in 


Text-fig. 7. Records of actior potential and stimulus artifact at increasing distances from 
; the stimulating leads. 
Stimulus: Condenser discharge RC =11 msec., 15 V. Temp. 5° 6. 

The apparent polarity of the stimulus artifact is different in the different records 
owing to adjustment of the balancing circuit. The stimuli were all of the same polarity. 
The second brief “spike” after the action potential is due to the recharging of the 
condenser (not through the muscle) on releasing the stimulating key. 


succession from the same muscle at increasing distances from the stimu- 
lating leads (Text-fig. 7). The interval between the moment of stimula- 
tion, shown by the stimulus artifact, and the onset of the action potential 
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increases as the distance increases. In Text-fig. 8 these intervals, in the 
case of a muscle stimulated at both ends, are plotted against time. The 
points fall on, or near to, a straight line, from the slope of which the 
conduction rate may be calculated. Its value in this case was 14-7 cm./sec. 
at 15° C. The conduction rate of the action potential has been observed 
in several experiments, the results of which are given in Table I. The 


Tasie I 
End of muscle — Conduction rate 
Date stimulated cm./sec. 
5. xii. 35 Byssus 170 22-2 
7. xii. 35 Byssus 17-0 15-0 
18. xii. 35 Byssus 170 20-0 
3. ii. 36 17-0 13-0 
3. ii. 36 She 17-0 16-5 
19. iii. 36 Shell 13-5 18-5 
8. v. 36 Shell 12-5 18-0 
ll. v. 36 Shell 13-0 14-5 
14. v. 36 Shell 14-0 17-5 
26. v. 36 Byssus 140 21-1 
29. v. 36 Shell 15-0 16-0 
11. vi. 36 15-0 14-7 
11, vi. 36 Shen 15-0 140 
23. vi. 36 18-0 mes 
23. vi. 36 Shel 30 


average rate is 17-6 cm./sec. No reason has yet been found for the dif- 
ference in the conduction rate occasionally observed in the same muscle 
when stimulated at opposite ends (as in the experiments of 3. ii. 36, 
17. vi. 36 and 23. vi. 36). 

‘Text-figs. 7 and 8 present two features upon which comment must be 
made. 

(a) In Text-fig. 8 the line joining the points which represent the’ 
-moments at which the action potential reached the various electrodes 
along the muscle, when it is extrapolated, does not cut the horizontal 
axis at the point corresponding to the stimulating electrode. This might 
mean that the impulse does not start from this point but from some point 
beyond it where the line does cut the axis (i.e. at the point X). This possi- 
bility is excluded in most cases; for the point lies beyond the end of the 
muscle—as it does at the shell end in Text-fig. 8. The only alternate 
interpretation is that there is a prolonged latent period between the onset 
of the stimulus and the moment when the impulse starts. In the case in 
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Shell end Leads Byssal end 
Text-fig. 8. Ordinates: Interval between stimulus artifact and onset of action potential. 
Abscissae: Distance along the muscle at which the records were taken. 
e——e Stimulating at the shell end. Condenser discharge 5 msec., 15 V. 
o——o Stimulating at the byssal end. Condenser discharge 11 msec., 15 V. 
Temp. 15° C. 


; 
Shell end Leads Byssal end 


Text-fig. 9. Ordinates and abscissae as in Text-fig. 8. 


o——o Stimulus: rectangular pulse 10 msec., 7-5 V. 
e——e Stimulus: rectangular pulse 5 msec., 20 V. Temp. 13-5° C. 
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point this latent period was 60 msec. at the shell end and 25 msec. at the 
byssal end. This latent period is shorter with a stronger and briefer 
stimulus than it is with a weaker and more prolonged one. This fact is 
illustrated by Text-fig. 9 in which the apparent latent periods of the 
action potentials recorded at various distances along the muscle with 
stimuli of two different strengths and durations are plotted against the 
distances. This experiment also shows that the latency at the stimulating 
electrode cannot be due to the duration of the stimulus itself; for the 
stimuli were rectangular pulses of current of 5 and 10 msec. duration, 
while the latent periods were 36 and 63 msec. Thus there was a latency 
of 31 and 53 msec. respectively between the end of the stimulus and the 
start of the action potential. This interval may seem extraordinarily long, 
but it is no longer in proportion to the rate of conduction and the duration 
of the rising phase of the action potential than that observed by Blair 
& Erlanger [1933] in frog’s nerve. There (p. 531) they observed a 
latency of 0-06-0-3 msec. following a stimulus of 0-03-0-04 msec. 
duration. 

(6) In Text-fig. 7 the action potential becomes rapidly smaller as it is 
conducted down the muscle, until, when it reaches the crushed end, it 
disappears altogether. (This fact is also illustrated by Text-fig. 5.) Thus 
the conduction appears to be markedly decremental. 

Now it is found that this decrement is only observed when the end of 
the muscle has been injured. If, in dissecting the muscle out, the thread 
at the byssal end is tied well above (posterior to) the attachment of the 
byssus, it is often found that injury to that end of the fibres has been 
avoided. Consequently, when such a muscle is stimulated at the shell 
end, the response recorded from the byssal end is fully diphasic even 
when one lead is on the extreme end of the muscle (as in Text-fig. 4). 
This must mean that the action potential is being conducted with little 
or no decrement. The actual form of the action potential as it travels 
down the muscle cannot then be recorded directly, as it can when the end 
of the muscle has been injured, but it can be reconstructed. 

With leads arranged on a muscle, as in Text-fig. 10, diphasic records 
were taken with leads 3 and 4, 3 and 5, 3 and 6 and 3 and 7. The muscle 
was then crushed near lead 7, and a monophasic record was taken with 
leads 3 and 7. The diphasic records can be expressed in terms of the true 
form of the action potential at two leads thus: 


3 and 5= 
” ” 3 and 4= ” 3- ” 
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In order to reconstruct the action potential at leads 4-7, therefore, we 
need a record of its true form at lead 3. This is provided by the mono- 
phasic record taken with leads 3 and 7 after crushing. The justification 
for supposing that this record does really give an accurate picture of the 
action potential at lead 3 is as follows: 


The conduction rate in this muscle was 16 cm./sec.: the distance from lead 3 to lead 7 
was 2-4 om. Thus the time taken by the action potential to travel from lead 3 to lead 7 was 
0-15 sec., while the duration of the rising phase of the monophasic action potential was 
0-13 sec. Therefore the action potential wave had attained its maximum at lead 3 before it 
had begun to reach lead 7; so that with leads 3 and 7, the maximum height of the first phase 
of the diphasic record before crushing, and of the monophasic record after crushing should 
be the same, unless the crush has affected the size of the action potential at lead 3. In fact 
they were found to be almost exactly the same. 


mV 
A ie 
0 
b 
} } Seconds 


Text-fig. 10. Reconstruction of action potential. 


A. Corrected tracing of a.P. with leads 3 and 7 after crushing. 
B. Corrected tracing of a.P. with leads 3 and 7 before 


C. Form of a.P. at lead 7 before crushing obtained by subtracting A from B. 
The tracings are the original size. 
Stimulus: Condenser discharge 1-5 msec., 20 V. Temp. 15° C. 


The reconstruction was performed by tracing all the records on squared 
paper, correcting them to linear ordinates (cf. Text-fig. 5), and super- 
imposing each diphasic tracing on the monophasic tracing, when the 
subtraction could be done directly. As an example, the superimposed and 
reconstructed tracings for lead 7 are given in Text-fig, 10. 

This particular muscle was one in which the action potential changed 
its form as it travelled down the muscle (cf. Text-fig. 5 ©). The height 
could not be taken as an indication of its size, therefore, and the area had 
to be taken in each case. This was simply done by counting the number of 
squares enclosed by each tracing. 

In Text-fig. 11, the size (area) of the action potential at the various 
leads before crushing (obtained by reconstruction) and after crushing 
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(recorded directly) is plotted. It will be seen that the conduction is quite 
decrementless before crushing, but possesses a steady decrement after 
crushing. Thus the decrement is shown to be due to the injury at the ends 
of the fibres and to be absent in intact fibres. 

It might naturally be supposed that this decrement is due to the 
injury potential resulting from the crushing of the muscle. And indeed, 
it was found that the distribution of the injury potential in a muscle 


Area of action potential, mV. x sec. 


Text-fig. 11. Ordinates: Rt. Area of action potential; Lt. Injury potential 
Abscissae: Distance along muscle. 
e——e Area of action potential before crushing. 
o——o Area of action potential after crushing. 
+——+ Injury potential relative to lead 3. 
Experimental details and arrangement of leads as in Text-fig. 10. 


corresponded approximately with the distribution of the decrement as 
may be seen from Text-fig. 11 in which the change of resting potential 
resulting from crushing the end of the muscle has also been plotted. 
Where the size of the action potential has been reduced, following the 
crushing of the end of the muscle, there is an indication of the appearance 
of injury potential at that point also. 

The change in resting potential was measured by switching one recording lead to one 
electrode at the end of the muscle, and then switching the other lead to all the other 
electrodes in turn, along the muscle and back again, by means of a small Ferranti ten-way 


switch, and recording the result on the kymograph. This was done before and after crushing, 
and again at the end of the experiment with a piece of string, soaked in sea water, in place 
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of the muscle. This was done so that the records from the muscle could be corrected for any 
potential differences existing between the zino-zinc sulphate electrodes which sometimes 
amounted to as much as a millivolt. 

The decrement of conduction cannot be attributed solely to the injury 
potential, for if it could, decremental conduction in one direction down 
the muscle would necessarily be associated with incremental conduction 
in the other direction, and this was never observed. With a muscle injured 
at both ends the conduction was decremental in both directions. — 

Thus it can only be said at present that injury to the ends of the 
fibres causes some unknown change in them which converts their pre- 
viously decrementless conduction to decremental conduction ; it is, how- 
ever, to be emphasized that conduction is normally decrementless and 
that the decrement may be considered to be unphysiological. 


CONCLUSIONS 


The simple structure of the anterior retractor of the byssus of 
Mytilus edulis permits the recording of electrical changes within its con- 
stituent fibres without gross distortion, in that they are very long and are 
arranged in parallel with one another. In this paper the main features of 
the action potential which is produced in response to local electrical 
stimulation of this muscle has been described. It has been shown to be 
a conducted wave of negative potential of normal shape, but of long 
duration. This fact indicates that the electrical changes which may be 
observed in association with the activity of unstriated muscles are 

essentially simple and similar to the well-known action potential of 


striated muscle and of nerve, and are not unique and complex as has — 


hitherto been supposed by most investigators. 

The danger of supposing that observations made on one kind of tissue 
are necessarily applicable to other tissues need hardly be emphasized, 
particularly in the case of unstriated muscle. None the less the existence 
of a typical kind of action potential in muscles as widely separated in 
structure, function and phylogeny as the retractor muscle of Mytilus and 
the striated muscles of vertebrates may at least be said to lend support 


to the supposition that such an action potential is a urliversal charac- 
teristic of muscular systems. 


SuMMARY 
1. The anterior retractor of the byssus of Mytilus edulis is an un- 
striated muscle which is 4~6 cm. in length. Its fibres are 3—5y. in dia- 


meter, extend from one end to the other, and are arranged in a strictly 
parallel fashion. 
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2. The electrical responses of the muscle to direct electrical stimula- 
tion have been recorded by a valve amplifier and an oscillograph writing 
on smoked paper, the muscle being suspended in a special moist chamber. 

8. In consequence of the simple structure of the muscle, its action 
potential may easily be recorded monophasically, and is found to consist, 
in response to a single brief electrical stimulus, of a negative wave of 
normal shape 2-3 sec. in duration. 

4. The action potential is conducted down the fibres at a rate of 
13-20 cm./sec. without any decrement if they are intact, though the 
conduction is markedly decremental if they have been injured. 

5. These results indicate that the action potentials of unstriated and 
striated muscles are essentially similar. 
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EXPLANATION OF PLATE | 


(a) Cross-section of a relaxed muscle. 

(6) Cross-section of a contracted muscle. (These two sections are from the opposite muscles 
of the same animal.) 

(c) miscle showing « group of contracted fibres. 

(d) Longitudinal section of a relaxed muscle. 

(e) Muscle macerated in 40 p.c. nitric acid and teased. 

The line under each photograph represents 0-1 cm. 
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VOMITING PRODUCED, IN THE CAT, BY 
LIGATION OF THE MESENTERIC VEIN 


By K. J. FRANKLIN ann A. D. McLACHLIN 
From the University Department of Pharmacology, Oxford 
(Received 30 April 1937) 


Durine the course of experiments performed at Bonn, and described 
in a previous number of this Journal [Franklin & Janker, 1937], a 
remarkable difference was noticed between one pair of cats, in which the 
splenic vein was ligated, and a second pair, in which the mesenteric vein 
was similarly treated, for the latter vomited and the former did not. 
In the present experiments we have attempted to show that this 
difference in reaction was not a mere accident. 


METHODS 


Eight further cate were used. The Bonn ones, which we may call 
Nos. 1-4 of the whole series, were given no special meals and were 
ansesthetized with ether. The same anzsthetic was used for cats 5-7, but, 
whereas cat 5 received no preliminary feeding, 130 c.c. of warm diluted 
milk were. passed into the stomach of each of the other two cats after 
the animals had lost consciousness. The remaining five cats all drank an 
adequate quantity of milk (120-250 c.c.) before receiving intraperitoneal 
injections of 5 p.c. Nembutal solution in distilled water. Cate 8 and 9 
were given 0-75 c.c, per kg. of the solution, cat 10 0-5 c.c. per kg., and 
cats 1] and 12 0-6 c.c. per kg. In addition, a little ether was administered 
to cats 10-12 during the operative procedures. In order to expose the 
necessary vein for ligation, the abdomen was opened for a short distance 
in the midline. In cats 5-11 the mesenteric vein was ligated about 1 cm. 
or so distal to its junction with the splenic vein. In cat 12 the splenic 
vein was first tied off; after 83 min. the abdomen was reopened, this 
ligature removed, and one applied to the mesenteric vein. After ligation 
of a vein, the abdomen was closed in two layers by continuous sutures. 
The condition of the alimentary canal was examined at the conclusion 
of each experiment. 
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The intestines of the Bonn cats, which had their mesenteric veins 
ligated, began to turn blue even before the abdominal wounds were 
closed, and emesis occurred within about 12 min. in each case. Cat 5 
began retching movements in 7 min., but did not actually vomit. Cat 6 
vomited in 11 min. Cat 7 began retching in 6 min., but was not definitely 
sick. Cat 10, with 0-5 c.c. per kg. Nembutal solution, vomited in 28 min., 
cat 11, with 0-6.c.c. per kg., in 51 min.; cats 8 and 9, with 0-75 o.c. 
per kg., in 134 and 140 min. respectively. Cat 12, which had the drug 
in the same dosage as cat 11, gave no reaction during the 83 min. that 
the splenic vein was tied off, but vomited copiously 27 min. from 
removal of this ligature and ligation of the mesenteric vein. 

Ligation of the mesenteric vein at the point described caused a 
varying degree of lividity of the intestine from about 10 cm. distal to the 
pylorus. There was often, but not invariably, a demarcation line at the 
proximal limit of the affected area. The distal end was not so clearly 
marked; in some cases the area of stasis included the rectum, in others 
it faded out somewhat above this. The degree of lividity varied; in one 
or two cats there were small subperitoneal ecchymoses, in others none. 
In all the cats there was some degree of ascites as a result of the ligation. 

A notable feature was the absence of any great degree of distension 
of the veins in the affected area; the effects produced were clearly not 
dependent upon any serious reduction in citculating blood volume. 


Discussion. 


The results show that ligation of the mesenteric vein, but not of the 
splenic vein, can produce emesis in the cat. It is perhaps of interest that 
this occurs when the venous drainage from the stomach and first few 
ceritimetres of small intestine is entirely unaffected. 

Though one would hesitate to draw too close a parallel between acute 
experiments in the cat and clinical conditions in man, one may never- 
theless remember that vomiting is characteristic of fulminating obliterating 
endophlebitis of the hepatic veins [Hess, 1905], of thrombosis of the 
mesenteric vein, and of cirrhosis. It is also, perhaps, possible to think 
of spasm of mesenteric veins as a factor in various kinds of vomiting. 
Spontaneously occurring venous spasm has received far too little attention 
since Weiss wrote about it in 1882, and in human subjects it can only, 
as he pointed out, be adequately studied in cutaneous veins; on the other 
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hand, it remains a possibility in the case of deeper veins. Experimental 
venous spasm, as Cleland & Tait [1927] showed, can last for a con- 
siderable time and can completely arrest the outflow of blood from 
an organ. | 

It is to be supposed that in an unanesthetized cat the reactions above 
described would have a shorter latent period than they did in our 
anesthetized or narcotized subjects. 


SuMMARY 
In cats, vomiting results from ligation of the mesenteric, but not of 
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LIBERATION OF HISTAMINE FROM THE 
PERFUSED LUNG BY SNAKE VENOMS 


By W. FELDBERG ann C. H. KELLAWAY 
From the Walter and Eliza Hall Institute, Melbourne 


(Received 5 March 1937) 


Lewis [1927] and his co-workers in their experiments on the human 
skin have shown that one of the first reactions of cells to injury of any 
kind is the liberation of a substance resembling histamine. Evidence 
from animal experiments in support of this view has hitherto been 
supplied for one kind of cell injury only, namely, the antigen-antibody 
reaction of anaphylaxis [Manwaring et al. 1925; Simonds & Brandes, 
1927; Bartosch et al. 1932; Dragstedt & Gebauer-Fuelnegg, 1932; 
Gebauer-Fuelnegg ef al. 1932; Daly e al. 1935]. Since snake venoms 
are general cytolytic poisons, a similar mechanism ought to be involved 
in their action. The acute effects of some venoms resemble those of 
histamine and anaphylaxis [Kellaway, 1929; Essex & Markowitz, 
1930; Kellaway & Le Messurier, 1936] and it has been suggested 
(Kellaway, 1929] that this similarity might be due to the liberation of 
histamine, though attempts to demonstrate it failed [Kellaway & 
Le Messurier, 1936]. We have pursued this line of enquiry in experi- 


ments on the perfused lungs of guinea-pigs and cats. 


METHODS 


The lungs were perfused from the pulmonary artery with Tyrode 
solution and the venous outflow was collected for assay from a cannula 
tied into the left auricle. The snake venoms were injected into the 
arterial perfusion cannula. 

For the preparation of the guinea-pig’s lung the animals were killed 
by a light blow on the head. The trachea and lungs were exposed, a 
cannula tied into the trachea and the pericardium opened. The lower 
half of the animal was cut away proximal to the diaphragm; cannulae 
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were quickly tied into the pulmonary artery and left auricle, perfusion 
was started and the aorta tied. The lungs were ventilated rhythmically 
9-14 times per min. from a positive pressure pump. A specially shaped 
sheet of celluloid was placed under the lungs to collect fluid leaking from 
their surface. 

For the preparation of the cats’ lungs the animals were answsthetized 
by intraperitoneal injection of dial. Both vagi were cut and a cannula 
was tied into the trachea. Artificial respiration was started and the 
thorax opened. The superior and the inferior vena cava were ligated near 
the heart, and a cannula was tied into the pulmonary artery, perfusion 
being started immediately after making an incision into the left auricle. 
The aorta was tied near its origin, an incision made into the right heart 
and the blood washed out. The lungs were then freed and placed in a 
paraffin basin. A cannula was tied into the left auricle and the venous 
outflow collected. Fluid leaking out from the lung surface was collected 
from the lowest part of the basin. 

Histamine assay. As a routine test object a piece of the isolated 
guinea-pig’s jejunum was used. This preparation, suspended in a 3 c.c. 
bath of Tyrode solution, usually contracted well to 0-02y of histamine. 

In order to estimate the histamine content of the lungs they were cut 
into small pieces and ground in a mortar with quartz powder and a little 
Tyrode solution. In dealing with the cat’s lung pieces of about 1 g. were 
ground at a time. The guinea-pig’s lung, however, could nearly always be 
worked up in one lot. When pieces of lung had been ground for some time 
the supernatant fluid was pipetted off and replaced by fresh Tyrode 
solution. Grinding was then continued and again the supernatant fluid 
was pipetted off. This procedure was repeated several times. In this way 
the tissue was thoroughly ground up and the volume of extract eventually 
made up so that 20-50 c.c. corresponded to 1 g. of lung. The solution was 
brought to the boiling point, in a flask, in the neck of which a glass 
funnel was inserted, to minimize loss by evaporation. When the fluid had 
cooled it was tested on the guinea-pig’s intestine. Our histamine estimates 
agreed with those obtained using the more complicated methods of 
extraction described by previous workers. 


RESULTS 
The guinea-pig’s lung can be perfused for hours without any appreci- 
able accumulation of fluid in it, though the respiratory movements cease 
after a time. Often small amounts of fluid leak out from the lung surface, 
generally not more than 1 c.c. being collected in this way during an hour. 
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We shall refer to this fluid as leakage fluid. When perfusion has ceased and 
the lung is excised, some fluid drains from the surface and hilus. We shall 
refer to this as drainage fluid. 

In agreement with the previous observations of Bartosch ef al. 
[1932] and Daly e al. [1935] we found that the venous perfusate 
collected before the injection of venom, the rate of flow being 0-5-1-0 c.c. 
per min., often caused contraction of the isolated guinea-pig’s jejunum 
corresponding to that caused by a solution of histamine from 1 in 80 
million to 1 in 400 million. Leakage fluid was generally more active and 
drainage fluid still more so. If the latter was collected in successive 
samples these showed progressive increase in activity. The amount of 
drainage fluid even after prolonged perfusion is small, provided that the 
lung has not been overventilated. In one experiment, for example, in 
which the right lung was removed after 3 hours’ perfusion, 0-2 c.c. was 
collected during the first 10 min. and 0-15 c.c. in the following 35 min. In 
their effects on the gut these samples corresponded to those of solutions 
of histamine | in 5 million and 1 in 3 million respectively. 


Taste I, Activity of fluids collected from perfused and over-ventilated 
guinea-pig’s lungs. (Exp. 3 of Table IT) 


Activity in 
Treatment of histamine 
lung Fluid equivalents 


Right perfused Venous perfusate (flow about 0-5 c.c. min. 1 : 200,000,000 
Leakage fluid (ow about 0-1 per niin.) 1: 40,000,000 
over-ventilated te Lung drainage fluid (0-7 c.c. in 10 min.) 1: 10,000,000 
10-9 in 25 min.) 1: 7,000,000 

g. (13y per g.) 1: 77,000 

aoe peed drainage fluid (0-2 c.c. in 50 min.) 1: 4,000,000 


Table I shows the activity of the venous perfusate, leakage fluid and 
_ of three successive samples of drainage fluid in an experiment in which 
the right lung was over-ventilated for a few minutes. This caused the 
appearance of air bubbles in the arterial cannula. After ventilation had 
been restored to normal and the air bubbles removed, perfusion was 
continued for 1 hour. The leakage fluid was increased and some fluid 
accumulated in the lung. The histamine concentration in the lung has 
been calculated from the yield obtained by extraction. It is 71 times 
that of the histamine equivalent of the last sample of drainage fluid. At 
the bottom of the table the histamine concentration for the left lung, 
which had been perfused for 10 min. only, without having been over- 
ventilated, and the histamine equivalent of its drainage fluid are given 
17—2 


7 
4 
| 
| 
a 
q 
3 
3 
fi 
? 


260 W. FELDBERG ‘AND C. H. KELLAWAY 


for comparison, the ratio being 1: 80. In other experiments this ratio 
was sometimes as high as 1 : 110. 

The activity of our lung extracts is unquestionably due to histamine 
itself, and the existence of a gradient in the activity of the various fluids 
collected in perfusion experiments strongly suggests that this activity 
- also is due to histamine. Further support for this view is afforded by the 
results of the experiments with snake venoms (p. 270). Assuming that 
histamine is so liberated in simple perfusion, it must be emphasized that 
the amounts liberated are small, not exceeding 1 p.c. of the lung histamine 
during the first hour and frequently being much less (0-2-0-5 p.c.). 
During prolonged perfusion the output is generally further diminished. 
The concentration of histamine in the outflowing fluids is therefore 
frequently too low to be detectable. 

The cat’s lung becomes cedematous during prolonged perfusion and 
there is some leakage fluid, which slowly increases in amount as edema 
develops. If ventilation is stopped, fluid appears in the tracheal cannula. 

The assay of the venous perfusate, leakage fluid and drainage fluid 
on the guinea-pig’s jejunum was often rendered difficult, since they gave, 
not only quick contractions like that due to histamine, but also slower 
ones from which the plain muscle recovered gradually after changing the 
Tyrode solution in the bath. In some experiments we were forced to rely 
upon the effects on the blood pressure of the atropinized cat. 

The venous perfusate and leakage fluid were usually more active than 
the corresponding fluids obtained from the guinea-pig’s lungs. This 
difference may possibly be attributed to the high histamine content of 


the cat’s lung: but even lungs with a low histamine content occasionally — 


yielded active perfusates. In these experiments during the first hour of 
perfusion the histamine equivalents of the outflowing fluids amounted to 
2-3 p.c. of the lung histamine, but continuance of the perfusion resulted 
in a rapid decline in the activity of the outflowing fluids. Generally, 
however, the histamine equivalents of the outflowing fluids amounted in 
the first hour only to 0-1-0-5 p.c. of the lung histamine. 

The drainage fluid collected in about an hour amounted to several 
cubic centimetres, and a gradient in the histamine equivalents of the 
various fluids was observed similar to that described for the guinea-pig’s 
lung. The concentration of histamine calculated for the lung was 50-100 
times that of the histamine equivalent of the last sample of drainage 
fluid. In some experiments, after prolonged perfusion, much fluid 
accumulated. In these the activity of the drainage fluid was weak, 
increasing only slightly, or not at all, in successive samples. In one 
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experiment, for instance, in about 12g. of lung 36c.c. of fluid had 
accumulated, 30 c.c. of which drained out during 70 min. after the lung 
was excised, The activity of this fluid corresponded to that of 1 in 20 
million of histamine. 

The activity of the fluid which drained from the trachea when arti- 
ficial ventilation was stopped during perfusion corresponded roughly to 
that of the venous perfusate. 


THE ACTION OF SNAKE VENOMS 


We have examined the action of three venoms, those of the Australian 
copperhead (Denisonia superba), which we have studied in detail, of the 
Indian cobra (Nata naia) and of a North American rattlesnake (Crotalus 
atroz). All these caused severe changes in the lungs and an output of 


Fig. 1. Isolated guinea-pig’s jejunum. At 2, 3y; at 4 and 5, 6y; at 7 and 11, 200y of 
copperhead venom. At 1, 3, 6, 8, 9, 10, 12 and 13, 0-04y of histamine. The arrows in 
this and the two following figures indicate washing out of the bath. Time in minutes. 


histamine, the estimation and identification of which will be described 
for all three venoms together. 

Estimation and identification of histamine in the lung perfusate. It was 
necessary, first of all, to find out to what extent the action of the different 
venoms on the gut might interfere with our assays. as 

In Fig. 1 are shown the effects of successive doses of copperhead 
venom and their influence on the histamine response. The first dose of 3 
of copperhead venom (at 2) caused a strong contraction with a latent 
period of some 10 sec. After changing the Tyrode solution relaxation 
took place gradually ; it was only slightly quickened by repeated changes. 
A second dose of 6y of venom (at 4) had only a slight effect; a further 
dose (at 5) showed that the muscle was now desensitized to doses of 
venom of this order. A larger dose (200) caused slight relaxation (at 7), 
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which was followed by contraction after washing out the venom. When 
the muscle relaxed from this contraction it exhibited strong rhythm and 
for some time the responses to histamine (at 8 and 9) were irregularly 
increased. These after-effects of the venom became progressively less 
with further successive large doses. The response to histamine was 
greatly reduced if given with, or immediately following, venom before 
changing the Tyrode solution (at 12). 


1 5 7 8 97 


Fig. 2. Isolated guinea-pig’s jejunum. At 1, Sy; at 3, 20y; at 4, 5, 7, 8 and 10, 100y of 
, cobra venom. At 2 and 6, 0-04y; at 9, 0-08y of histamine. 


| 


Fig. 3. Isolated guinea-pig’s jejunum. At 2, 3 and 6, ly; at 7, 10y; at 9, 100y; at 10 and 
11, 200y of Crotalus atroz venom. At 1, 4, 5, 8 and 12, 0-04y of histamine. Time in 
minutes. | 


Fig. 2 shows the effect of cobra venom. The contraction after the first 
dose of 5y (at 1) started after a latent interval of some seconds and 
relaxation proceeded gradually after washing out the venom. The muscle 
was now desensitized to small doses of venom failing to respond to 20y 
(at 3). Doses of 100» continued to cause contractions with short latent 
intervals, but the decrease in the responses to successive doses was not 
due to desensitization, beenuse the response to histamine was also 
progressively weakened. 

Fig. 3 illustrates the effect of successive doses of venom of Crotalus 
atroz, desensitization to small doses of this venom being less readily 
obtained. At 2, 3 and 6 responses to the first, third and fourth doses of 
ly of venom are shown. Though the muscle had become desensitized to 
this dose of venom it still responded to 10y (at 7) with a typical slow 
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contraction following a latent interval of some seconds. With larger doses 
of venom (at 9 and 10) there was an immediate rapid contraction which 
was followed after changing the fluid in the bath by a slow contraction. 
Repeated large doses resulted in diminished responses, but the reactivity 
of the muscle to histamine diminished at the same time. 

These results indicated the procedure to be adopted for testing the 
lung perfusates. The muscle was desensitized to small doses of venom 
before testing the samples. The outflow from the lung during the first 2 or 
$ min. after the injection, containing most of the venom, was collected 
separately, This sample, after all the subsequent samples had been 
assayed, was sometimes tested merely in order to find out whether at this 
early stage after the injection histamine was already present. 

Apart from the presence of venom we encountered two other diffi- 
culties, possibly related to the presence of protein in the perfusate. The 
response of the smooth muscle to histamine was enhanced by previous 
treatment with perfusate. The samples collected after venom caused not 
only a rapid histamine-like contraction, but sometimes also a delayed 
contraction, which made exact quantitative estimations difficult. We 
were also often troubled by excessive frothing. These disturbing factors 
were greatly reduced, though not abolished, if the samples were brought 
to the boiling point before testing. Even when this was done they still 
retained a slight sensitizing effect, so that some of our estimations may be 
a little too high. 

Some of the active samples were also tested by injection into the cat. 
They caused a fall in arterial blood pressure which was not abolished by 
atropine (see Fig. 5). If the depressor and muscle stimulant actions of a 
sample were assayed the reactions generally matched the response to the 
‘same concentration of histamine. In most experiments we have been 
satisfied to compare the effect on the gut and the blood pressure, using 
two histamine solutions differing from each other by 100 p.c. Such an 
assay is shown in Figs. 4 and 5 for a sample of perfusate collected from a 
cat’s lung half an hour after the injection of 10 mg. of cobra venom. In 
Fig. 4 the response of the plain muscle to 0-4 c.c. of a 1 in 10 dilution of 
this sample (at 2) is ‘‘ bracketed” by responses to 0-4 c.c. of two histamine 
solutions, 1 in 10 million (at 1) and 1 in 5 million (at 3). In Fig. 5 the 
effect on the blood pressure of the cat of the undiluted sample (at 2) is 
“bracketed” by responses to histamine solutions 1 in 500,000 (at 1) and 
1 in 1 million (at 3). 

In one experiment a sample was also estimated by arterial injections 
into the suprarenals of the cat. In all three tests the responses were 
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intermediate between those of solutions of histamine 1 in 1 million and 
1 in 2 million. This method of assay is illustrated in Fig. 4 of the paper 
by Feldberg & O’Connor [1937]. 

We shall show (see p. 268) that the active principle found in the lung 
perfusate after the injection of venom is part of the histamine-like 
substance normally present in the lung, which has been identified 
chemically in lung extracts of horses and oxen [Best et al. 1927]. We 
shall therefore refer to the active principle as histamine. 


Fig. 4. Fig. 5. 
Fig. 4. Isolated guines-pig’s Comparison of 0-4 ¢.c. 10 p.c. of lung perfusate at 
2 with 0-4 0.0, histamine 1 in 10 million at 1, and 1 in 5 million at 3. 


Fig. 5. Carotid blood pressure of cat under dial with the vagi cut. Injection (i.v.) of 1 0.0. 
of lung perfusate at 2 and 4, of 1 0.0, of histamine 1 in 500,000 at 1 and 1 in 1 million at 
3 and 5. Between € and 4, 2 mg. of atropine. 


1. Copperhead venom 

Effect on the lung. Injections of 1-10 mg. of copperhead venom into 
the pulmonary artery of a perfused guinea-pig’s lung produced im- 
mobilization due to broncho-constriction, starting between 30 and 
100 sec, after the injection. In some experiments broncho-constriction 
was complete within 20 sec.; in others, only after 2 or even 3 min. With 
smaller doses of venom, it was often preceded by transient broncho- 
dilatation. 

Within a few minutes the lungs became increased in size, due to 
accumulation of fluid, and showed glassy patches on their surfaces; after 
5-20 min. the flow of leakage fluid commenced, increasing as perfusion 
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was continued, whereas the flow from the venous cannula diminished in 
the course of the next 2 hours, and sometimes ceased. If ventilation was 
increased the respiratory movements recommenced, and air bubbled out 
from the wet surface during inflation. The flow of leakage fluid also 
occurred if artificial respiration had been stopped after the injection of 
venom. In these circumstances some fluid appeared in the trachea. 

The fluids collected from the lung during the first hour after the 
injection of venom, especially that from the surface, had a yellow turbid 
appearance. Frothing was produced by shaking or bubbling air through 
them. 


If after some time the perfusion was stopped and the lung excised, 
from 1 to 6 c.c. of drainage fluid could be collected. The lung, however, 
was still about twice as heavy as that of the other side, which had been 
excised before the injection of venom. After large doses of venom a lung 
may accumulate within a short time 6 times its own weight of fluid, but 
if the perfusion is continued some of this may be lost as leakage fluid. 

In a few experiments the effects of large doses of venom on the per- 
fused cat’s lung were examined. They resembled in many respects those 
described for the guinea-pig’s lung. A few minutes after the injection the 
lung became swollen and heavy, and had a glassy appearance. Fluid 
appeared in the trachea in spite of the ventilation and the leakage fluid 
was greatly increased. During the rapid swelling the respiratory move- 
ments became smaller and eventually ceased. They could, however, be 
restored by increasing the ventilation. A sudden over-ventilation of the 
lungs caused some of the accumulated fluid to be squeezed out, and if the 
flow from the venous cannula had ceased, it recommenced, fluid with some 
air bubbles being pressed out with each inflation. 

We found that lungs in which the symptoms resulting from a dose of 
venom were not so severe and developed less rapidly had a low hista- 
mine content (about 10y per g.), whereas those showing intense swelling 
shortly after the injection gave histamine equivalents of 30y per g. of 
tissue or more. From the symptoms observed we were able to predict 
whether we were perfusing a lung with # high or one with a low histamine 
content. 

Histamine output from the guinea-pig's lung. The results are illustrated 
by the experiment of Fig. 6 in which the time of perfusion in- hours is 
given as abscissae, the output of histamine in y per min. as ordinates. 
Both lungs were perfused for 3 hours before the venom (1-5 mg.) was 
injected. The rate of outflow varied between 0-4 and 1 c.c. per min. The 
fiuid collected before the injection of venom had no action on a prepara- 
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tion, the sensitivity of which would have enabled us to detect a histamine 
concentration in the fluid of 1 in 100 million. The first 3 min. sample, 
after the venom injection, was not tested. The following samples exhibited 
increasing activity during the first 1} hours; the histamine output then 
decreased, but the samples were not completely inactive after 5 hours. 
The leakage fluid was assayed separately, its histamine equivalent 
being represented by the areas enclosed by dotted lines. The total output 
of histamine was 76-4y. An extract was made from the lungs at the end 
. of the perfusion and yielded only another 15y of histamine. 


y/min. 


0-6 
0-5} 
0-4 
4 5 
Fig. 6. Histamine output in y per minute after 1-5 mg. of copperhead venom from perfused 


guinea-pig’s lungs (for details see text). 


In different experiments, using the same dose of venom, the amounts 
of histamine assayed in the outflowing fluids varied. For instance the 
histamine output in another experiment was 31-2). In some experiments 
it was still less, even after larger doses of venom. The relationship between 
the dose of venom injected and the output of histamine became clear 
when the histamine content of the lungs, which varies widely in different 
animals, was taken into consideration. 

In the 25 animals examined we found values varying between 5 and 
_ 95y of histamine per g. of fresh tissue, or between 14 and 114y for the 

whole lungs, The variations in the histamine content of the right and 
left lung of an individual guinea-pig are less than 25 p.c., and often less 
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* In Exp. 2-13 the left lung was perfused for some 1 min. 
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than 10 p.c. (Table II), We could therefore use one lung as a control. In 
Exp. 8 of Table II, for instance, the left lung was perfused for 10 min. 
and then extracted; it yielded 23-ly of histamine. The right lung per- 
fused for 34 hours following the injection of 10 mg. of venom, yielded 
only 0-6y of histamine by extraction, 26y having been detected in the 
outflowing fluids. Prolonged perfusion in itself had no effect of this kind 
(Exp. 2 of Table II). The disappearance of histamine from the lung and 
the detection of a corresponding amount in the outflowing fluids are 
linked together, and we can only conclude that the histamine in the 
perfusates is derived from the histamine of the lung. The proportion of 
histamine found, after venom injection, in the lung, in its perfusates and 
in ite drainage fluid varies according to the dose of venom injected and 
the time allowed for its action. After a small dose of venom the amount 
of histamine in the perfusates is small in comparison with that in the 
lung extract (Exp. 4 of Table II). If perfusion is stopped soon after a 
perfusates as well as that of the lung (Exp. 9 of Table I). 

In order to obtain the relation between dose of venom and output of 
histamine, the latter has to be expressed as percentages of the lung 
histamine. In Fig. 7 the histamine output with various doses of venom is 
plotted: the abscissae give the time of perfusion in hours after the in- 
jection; the ordinates, the output of histamine as percentages of the lung 
histamine, the amounts in successive samples being added to each other. 
It will be seen that the percentage output increases both in rapidity and 
extent with the dose of venom and that with 10 mg. of copperhead venom 
the lung has become almost completely depleted of its histamine store 
after about 34 hours. 

In Fig. 8 the results of the experiments of Fig. 7 are re-plotted, with 
the ordinates as the histamine output per minute expressed as a per- 
centage of the amounts remaining in the lung at the time of each succes- 
sive sample. This figure indicates the changes in the conditions of libera- 
tion of histamine from the lung tissues after different doses of venom and 
at various stages of the perfusion. With 10 mg. of venom the maximum 
was reached 20 min. after the injection, more than 2 p.c. of the lung 
histamine diffusing into the perfusate within 1 min. The permeability of 
the cells to their histamine remained high during the first hour after the 
injection and then decreased. After 3} hours’ perfusion less than 0-9 p.c. 
of the then remaining lung histamine diffused out per minute. Even this 
value is high in comparison with those obtained after small doses of 
venom. After 1 mg. of venom the maximum liberation of histamine, 
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Fig. 7. Histamine output from perfused guinea-pig’s lungs in response to various doses of 
venoms. In this figure and in Fig. 8 the continuous curves are for copperhead and the 
dotted curve is for cobra venom. The vertical dotted lines at the end of the curves 
represent histamine content of drainage fluid (for details see text). 


Fig. 8. Histamine loss per minute as percentage of lung histamine in response to various 
doses of venom. Same experiments as in Fig. 7 (for details see text). 
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which was not reached until 1} hours after the injection, did not amount 
to more, per minute, than 0-62 p.c. of the then remaining lung histamine 
and the value declined to 0-3 p.c. during the 5 hours’ perfusion. Finally, 
after 0-3 mg. of venom, not more than 0-15 p.c. of the lung histamine 
diffused per minute into the outflowing fluids during the period at which 
the permeability of the cell to its histamine was at its height. 

Artificial ventilation has an adjuvant effect on the histamine output 
probably by squeezing out fluid accumulated in the lung. In experiments 
without artificial ventilation the histamine output after venom was 
both delayed and reduced. 

If perfusion is stopped shortly after the injection of a large dose of 
venom, when the permeability of the cells to their histamine is maximal, 
the histamine concentration in the lung and that of the last sample of 
drainage fluid may be equal (Table III). Even if the lung has been excised 


Taszz III. Histamine gradient of fluids from guinea-pig’s lung after 
copperhead venom. (Exp. 9 of Table IT) 


Activity in 

Treatment of histamine 

lung Fluid equivalents 
Right perfused Venous perfusate 1 : 40,000,000 
for after fluid 1: 7,500,000 
10 mg. of copper- First drai fluid (2-5 c.c. in 5 min.) 1: 2,600,000 
head venom Second drainage fluid (1-5 o.c. in 10 min.) 1: 1,000,000 
Third drainage fluid (0-65 c.c. in 15 min.) 1: 600,000 
Fourth drainage fluid (0-7 c.o. in 30 min.) 1: 400,000 
Lung—1-94 g. (2-5y per g.) 1: 400,000 
Left lung Drainage fluid (0-2 c.c. in 40 min.) 1: 4,400,000 
(lly pee) 1: 83,000 


some hours after the injection when it has given off most of its histamine 
and the permeability of the cells to their histamine has already decreased, 
the concentration of histamine calculated for the lung may be 3-4 times 
that of the drainage fluid, instead of over 70 times following perfusion 
without the injection of venom. In Exp. 8 of Table II, for instance, the 
last sample of drainage fluid had a histamine concentration of 1 in 7-5 
million and that calculated for the lung was 1 in 2-5 million. In all 
experiments a striking gradient was observed in the histamine concentra- 
tion calculated for the lung itself, for the successive samples of drainage 
fluid, for the leakage fluid and for the venous perfusate. This gradient 
can only be interpreted on the assumption that venom causes the setting 
free of histamine which is already present in the lung. It also affords 
support for the view that the different gradient observed in the activity 
of the fluids collected from the perfused lungs without the injection of 
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yenom is due to the diffusion of trivial amounts of lung histamine into the 
outflowing fluids. 7 

Though the concentrations of histamine in the successive samples of 
drainage fluid increase, the output in y of histamine per minute decreases. 
This decrease is more rapid when the liberation of histamine from the 
cells has already declined, that is after prolonged perfusion following the 
injection of snake venom. 

Histamine output from the cat’s lung. The results obtained agreed with 
those described for the guinea-pig’s lung. The amounts of histamine 
detected were larger because of the higher histamine content of the cat’s 
lungs. As this varies greatly in different animals it was necessary to 
express the results as percentages of the lung histamine. 

The histamine content per gram of fresh lung tissue varied between 8 
and 175y or for the whole lungs between 90 and 4600). A low histamine 
content was generally found in the lungs of young cats under 3 kg. 
weight, whereas the highest values observed were obtained from old — 
cats weighing 4-5 kg. A comparison per gram of tissue of different lobes 
of the same lung or of the right and left lung of the same animal revealed 
differences of less than 25 p.c. if the lungs were healthy. The left lung was 
always 10-15 p.c. lighter than the right, but if the weight of the small 
lobe situated distal to the heart was added to that of the left lung, the 
weights of the two lungs agreed (for details see Feldberg & Kellaway, 
1937). This has been done in those experiments in which a comparison 
between the two sides was attempted. 

The results are summarized in Table IV. In Exp. 7, for instance, the 
left lung yielded 368y of histamine. The right lung was perfused for 
10 min. before the injection of 18 mg. of venom. The histamine output 
during this period amounted to between 0-3 and 0-4y per min. and in- 
creased to 3 per min. half an hour after the injection of venom. During 
24 hours’ perfusion, 281-9y or about 87 p.c. of the lung histamine was 
liberated. Another 18-5y or 6 p.c. was recovered in the drainage fluid. 
This was collected in successive samples, which exhibited a characteristic 
gradient of activity (see Table V). The last sample had a histamine con- 
centration practically identical with that calculated for the lung. In 
some experiments the concentration of histamine in the last sample of 
drainage fluid was found to be as much as 25-50 p.c. higher than that 
calculated for the lung, which still contained several cubic centimetres of 
fluid. We cannot be certain of the significance of this observation without 
lung. 
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Histamine venous 
No. Weight of left and 6b in cin 
0. 
1 2-8 663 734 Lungs not perfused 
2 46 1340 1448 _ — 1448 Lungs not perfused 
3 45 678 720 _— —_— 720 Lungs not perfused 
4 2-6 98 04 a 7 87 ——— 
1 
5 3-5 578 517-1 3-7 2-4 51 — 
6 2-5 75 63-2 5-3 31-5 26-4 
18mg. copperhead 
venom 
7 29 368 321-5 281-9 18-5 21-1 afer 
18 mg. copperhead 
venom 
8 2-2 224 185 126 7 52 a ee 
20 mg. copperhead 
venom 
9 2-4 243 267-9 215-4 23 29-5 a Boorse 
18 mg. cobra venom 


* In Exps. 4-9 the left lung was perfused for some 10 min. 


Tazstz V. Histamine gradient of drainage fluids from perfused cat’s lung after 
copperhead venom. (Exp. 7 of Table IV) 


Activity in 

Treatment of histamine 
lung Fluid equivalents 

First drainage fluid (21 c.c. in 5 min. 1 : 2,900,000 

Fourth drai fiuid ie 1: "660,000 
Lung 15:1 g. (1-4y per g.) . 1: 710,000 

Left First drainage fluid (1 c.c. in 10 min. Ll: 000 
Second drainage fui (0-35 cin 50 min, 
Lung 10-5 g. (35y per g.) 1: 29,000 


injection of 0-3, 1, 1-5, 5 and 10mg. of copperhead venom, the total 
coagulable protein estimated in the venous perfusate and leakage fluid 
from one lung were 35, 34, 48, 56 and 86 mg. respectively. The output of 


3 
7 TaBLE IV. Comparison between the histamine contents of right and left lungs of the cat < 
| Histamine content of right lung in y a 
ain 

: Protein content of perfusate. The fluids collected after the injection of 

| venom contained heat-coagulable protein, which, in the guinea-pig 

t experiments, was roughly estimated by the Esbach method. After the 
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protein therefore increases with the dose of venom. Those samples which 
had the highest histamine concentration showed also the largest amount 
of coagulable protein, the leakage fluid contributing the greater part of it. 
The perfusate of a lung untreated with venom contained only traces of 
protein after the blood had been washed out. These were too small to be 
estimated by the Esbach method. 


2. Cobra venom 


- Chopra & Iswariah [1931] have described a pressor action which 
sometimes follows the intravenous injection of this venom into the cat. 
_As this could not be due to histamine we originally selected this venom 
as a control, not expecting it to have the property of liberating histamine. 
We found, however, that the effects of large doses of venom in the cat 
resembled those.of histamine in many respects. The venom caused a pro- 
found fall of arterial blood pressure, loss of fluid from the circulation, lung 
cedema and rise of pulmonary pressure (Feld berg & Kellaway, 1937). 

Effects on the lung. The effects resembled those of copperhead venom. 
The lungs were immobilized and became swollen. Fluid appeared in the 
trachea and leaked from the surface within a few minutes after the in- 
jection and later the lungs developed a glassy appearance. In addition, 
shortly after the injection there was strong constriction of the pulmonary 
vessels which lasted for some minutes and sometimes caused temporary 
cessation of venous outflow. 

Histamine output from the guinea-pig’s lung. In two experiments 
(10 and 11 of Table IT) the histamine output from a single lung following 
the injection of 9 and 10 mg. of venom was estimated; it amounted to 
over 60 p.c, of the lung histamine. In the first 90 min. of perfusion the 
venous perfusate contained more histamine than the leakage fluid; later 
on this relation was reversed. In another experiment, in which both 
lungs were perfused and 15 mg. of venom injected, 18-ly or 84-5 p.c. of 
the lung histamine was found in the fluid collected during 2 hours’ per- 
fusion, The lungs were removed and a further 1-54 y of histamine re- 
covered in the 4-3 c.c. of drainage fluid exuding in the course of 1 hour. 
The lungs then yielded 1-83y of histamine by extraction. The drainage 
fluid was collected in all three experiments in successive samples and 
exhibited a gradient in its histamine concentration similar to that de- 
scribed in the experiments with copperhead venom. In one experiment 
perfusion was stopped at an earlier stage and the histamine concentration 
of the last sample of drainage fluid was found to have attained that 
calculated for the lung. 

PH. XC, 18 
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Weight for weight, this venom is not so active in causing liberation of 
histamine as is copperhead venom. The injection of 8 and 10 mg. of 
cobra venom causes about the same percentage output of histamine from 
the lung as that of about 0-5 to 1 mg. of copperhead venom (Fig. 7). The 
output following these doses of cobra venom, however, is more rapid at 
the outset than that following the much smaller equivalent doses of 
copperhead venom (Fig. 8). 

Histamine output from the cat's lung. Four experiments were made. 
The results of a typical one are detailed in Table VI. The left lung was 
removed after 10 min. perfusion; it weighed 7-3 g. and yielded 243y of 


Taste VI. Histamine output of perfused cat’s right lung after 18 mg. 
of cobra venom. (Exp. 9 of Table IV) 


Volume of fluid collected 
in ¢.¢. - Histamine content in y of 
A ~ Total 
30 min. Venous Venous a histamine 
samples perfusate perfusate fi content in y 
l 5-6 ll 0-7 27-5 28-2 
17 34 106-0 
4 ll 35 ll 35 46 
5 ll 37 4 18-5 22-5 
6 8 34 2-4 10-3 12-7 
Total histamine output in 215-4 
in drai fluid 
remainder in lung 29-5 
Total lung histamine 267-9 


histamine by extraction. Perfusion of the right lung was continued for 
7 min., the histamine output during this period being 0-06y per min. ; 
then 18 mg. of cobra venom was injected. A total of 215-4y or 80 p.c. 
of the lung histamine was recovered, mainly in the leakage fluid during 
perfusion for 3 hours; another 23y was assayed in the 23 c.c. of drainage 
fluid collected in the course of 30 min. The lung then yielded 29-5y of 
histamine by extraction. As the weight of this lung was 23-6 g. compared 
with 7-3 g. of the left side, about 16 .c. was still left in it, which, if 
histamine were uniformly distributed, would account for another 18y of 
the residual histamine. 

In two experiments in which perfusion was only continued for 30 and 
40 min. after the injection of venom, more than half of the total lung 
histamine was found in the drainage fluid. It was collected in successive 
samples, which exhibited a gradient in their histamine concentration like 
that described in the experiments on copperhead venom. The histamine 
concentration in the last sample equalled that calculated for the lung. 
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The adjuvant effect of artificial ventilation on the histamine output is 
illustrated by an experiment in which the artificial ventilation was stopped 
as soon as the venom (20 mg.) had been injected into the single lung 
preparation. Fluid was collected from the trachea and from the lung 
surface, but the venous outflow ceased within a few minutes. During 3 
hours’ perfusion 121 c.c. of fluid was collected from the trachea containing - 
54-2 of histamine and 67 c.c. of leakage fluid containing 49-4. The total 
histamine output amounted to only 56 p.c. of the lung histamine (185) 
compared with about 80 p.c. in experiments in which artificial ventila- 
tion was continued throughout the perfusion. 

Protein content of the perfusate. In Exp. 10 of Table IT, in which 9 mg. 
of venom was injected into the right lung of the guinea-pig, the protein 
output was estimated by Esbach’s method. It amounted to 50 mg. in 
44 hours’ perfusion. This is small in comparison with the amount found 
with similar doses of copperhead venom. 


3. The venom of Crotalus atrox 


The effects on the lung differed in some respects from those of the two 
other venoms studied and its action in liberating histamine was less 
pronounced. 


7 


Fig. 9b; 


9 phs of sections of perfused guinea-pig’s lungs: (a) left lung before and 


. Photomicrogra 
(6) right lung 30 min. after the injection of 20 mg. of Crotalus atrox venom. 


Effects on the lung. The lung was immobilized and exhibited some 
swelling, though after a few minutes holes appeared in the lung surface, 

through which air bubbled on inflation. Later the lung seemed to be 
18—2 


i’ 
‘3 » 
‘ 
7} 
j 
~2 
. 
‘ ae ay 4 ‘ 
rag 4 wet 
A 
Fig. 9 a. 
Fig 
: 
4 
4 
4 
2 


276 W. FELDBERG AND C. H. KELLAWAY 


partly digested and histological examination revealed the destruction of 
lung tissue by the venom (Fig. 9a and 6). In the venous perfusate, and, 
to a greater extent, in the leakage and drainage fluids, dust-like particles 
which had no cellular structure were found. 

Histamine output from the guinea-pig’s lung. The histamine output 
following the injection of different doses of venom was studied. After 
5 mg. the output during 44 hours’ perfusion was between 9 and 11 p.c. 
of the lung histamine, after 20 mg. it was 50 p.c. in 2 hours and an 
additional 8 p.c. was found in the drainage fluid. After omg. it was 
65 p.c. during 4 hours’ perfusion. 

Exp. 12 of Table II gives the figures for the histamine output from the 
right lung during 30 min. perfusion following the injection of 15 mg. of 
Crotalus atrox. The drainage fluid was collected during 70 min. in three 
successive samples, the histamine concentrations of which are shown in 
Table VII. A gradient exists in the histamine concentrations of these 


Tasxe VII. Activity of fluids from perfused guinea-pig’s lung after 
Crotalus atroz venom. (Exp. 12 of Table II) Acti : of 


Treatment of 
lung Fluid equivalents 
perfused Venous perfusate 1 : 156,000,000 

for 20 ake after fluid 1: 10,000,000 
15 mg. of Crotalus First fluid (1-5 c.c. in 10 min.) 1: 2,000,000 
atroz venom Second drainage fluid (0-5c.c.in 20min.) 1: 750,000 
Third (03c.c.in 40min.) 1: 250,000 

Lung 1 g (907 pore. 38,000 

Left lung perfused Drainage fluid (0-2 c.c. in 60 min.) 1: 2,000,000 
for 10 min. Lung 1-03 g. (52y per g.) 1: 29,000 


samples as well as in that of the fluids collected during perfusion. The 
histamine concentration calculated for the jung is about 7} times that for 
the last sample of drainage fluid. In similar experiments with smaller 
doses of the other venoms we found that the histamine concentration 
calculated for the lung was almost equal to that of the last sample of 
drainage fluid. This illustrates the lower effectiveness of this venom in 
causing liberation of histamine, but a comparison of the histamine con- 
centration calculated for the control lung which is about 70 times stronger 
than that of its drainage fluid, indicates the increased permeability of the 
lung cells for their histamine after the injection of this venom. 

' In two of the experiments the protein content of the outflowing 


ee after 5 and 50 mg. of 
venom respectively, 
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Discussion 


The experiments here presented show that histamine is liberated 
from the perfused lungs by the three snake venoms which we have 
examined. The application of venom in increasing dosage throws new 
light on the relationship of cell injury to the output of histamine. Even 
without any addition of venom to the perfusion fluid traces of histamine 
appear to be liberated from the lung, indicating perhaps slight damage or 
irritation of the tissues due to the artificial conditions of perfusion. After 
the injection of venom the histamine output is enormously enhanced. 
The histamine loss from the lung is dependent upon the dose of venom, 
and if this is large enough it is possible within 2 or 3 hours almost com- 
pletely to deplete the lung of its histamine store. With increasing doses of 
venom the injury to the tissue is also increased, as is indicated not only 
by the obvious changes in the lung, but also by increase of coagulable 
protein in the outflowing fluids. This may be explained either by an 
increase in the number of cells involved, or in the degree of injury to 
individual cells, If the latter is the case, the permeability of the individual 
cell to histamine must increase with the intensity of the injury. 

Some distinction has to be made between the liberation of histamine 
from the cells into the tissue spaces and its escape into the blood or 
lymph stream, or under conditions of artificial perfusion into the out- 
flowing fluids. Various factors may operate in determining the actual 
output. For instance, artificial ventilation has a mechanical adjuvant 
effect on the output of the liberated histamine from the perfused lungs. 
It must be borne in mind that histamine acts physiologically as a local 
chemical regulator at its site of liberation, and that the organism is 
apparently well protected against its escape in large amounts into the 
general circulation. For this reason failure to detect histamine in the 
circulating blood does not exclude its liberation in effective concentration 
into the tissue spaces, and the symptoms caused by such liberation may 
be different from those produced by the injection of histamine into the 
blood stream. 

The very varied symptomatology of poisoning by different snake 
venoms cannot be accounted for by a single mechanism; qualitative and 
quantitative differences in the toxic constitution of the venoms play a 
dominant role in this regard. Some stages of poisoning by snake venoms 
present resemblances to poisoning by histamine which may be accounted 
for by its liberation, though in assessing the effects of the liberated 
histamine we have to allow not only for its local action, but also for the 
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possibility that the reaction of injured and normal cells may be different. 
The cytolytic action of the venoms, apart from the liberation of histamine, 
produces severe pathological changes and corresponding symptoms 
which, in greater or lesser degree, are found to be associated with cell 
injury caused by other agents. A detailed analysis of the effects of the 
intravenous injection of the venoms of copperhead and cobra is given 
elsewhere (Feldberg & Kellaway, 1937). 

On the isolated guinea-pig’s jejunum all three venoms, after a latent 
period of several seconds, have a stimulating effect, which is easily 
accounted for by the liberation of histamine. The desensitization of the 
muscle is not due to the development of insensitiveness to histamine, 
but to the fact that with successive doses of these venoms further libera- 
tion of histamine in effective concentration does not occur. The initial 
relaxation following large doses of copperhead venom and the changes 
observed in the responses of the plain muscle with the other two venoms 
are due either to some other actions of the venoms or to cell injury. 

On the perfused lungs all three venoms cause broncho-constriction 
which again is accounted for by the liberated histamine. The other 
changes produced, however, cannot be imitated by histamine. The 
irregular broncho-dilatation preceding broncho-constriction, when 
copperhead venom is injected, may be due to the principle which causes 
the initial relaxation of the isolated gut. Crotalus atrox causes destruction 
of tissue. This effect, peculiar to this venom, may be due to proteolysis. 
Cobra venom produces immediate vaso-constriction which is not observed 
with the other venoms, and has to be accounted for by some special 
property of this venom. All three venoms have one result in common— 
the swelling of the lung due to accumulation of fluid and the appearance 
of glassy patches. As these changes are paralleled by the histamine loss 
from the lung, it looked as though they might be caused by histamine. 
We have perfused guinea-pig’s lungs with histamine solutions 1 in 
50,000 and 1 in 25,000 for half an hour without producing any effects 
other than strong broncho-constriction. The lung effects, which are 
also observed with other cell injurious agents, such as staphylococcal 
toxin [Feldberg & Keogh, 1937], must therefore be regarded as being 
directly due to cell injury, though the possibility that the liberated 
histamine contributes to them cannot be excluded. i 


SuMMARY 


1. The lungs of guinea-pigs and cats have been perfused and the out- 
flowing fluids have been assayed. Traces of histamine appear to be 
liberated under conditions of artificial’ perfusion. 
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2. The injection of snake venoms (Denisonia superba, Naia naia and 
Crotalus atrox) produces severe changes in the lungs and the appearance 
of coagulable protein and of histamine in the outflowing fluids. 

3. All three venoms caused broncho-constriction, swelling of the 
lungs, due to accumulation of fluid, and the appearance of glassy patches. 
The venom of Denisonia superba caused initial broncho-dilatation, that of 
Naia naia constriction of the pulmonary vessels, and that of Crotalus 
atrox destruction of lung tissue. 

4. The venom of Denisonia superba was most, and that of Crotalus 
atroz least active in liberating histamine. 

5. The histamine assayed in the perfusates was part of the histamine 
content of the lungs, which varies widely from animal to animal. For 
comparison, the histamine output had therefore to be expressed as a 
percentage of the lung histamine. Increasing doses of venom caused 
increasing loss of histamine from the lung. With large doses of the 
venoms of Denisonia superba and Naia naia the lung became almost 
depleted of its histamine. The permeability of the lung cells to histamine 
after large doses of these venoms became so high that the output per 
minute could reach more than 2 p.c. of the lung histamine, and its 
concentration in the fluid draining from the excised lung at the end of the 
perfusion could equal that in the lung tissue. 

6. With increasing doses of venom, the amounts of coagulable 
protein in the outflowing fluids also increased. Those samples of perfusate 
containing the highest histamine concentration were richest in protein. 

7.. The significance of these observations is discussed from the stand- 
points (a) of the liberation of histamine by graded cell injury, and (6) of 
the symptomatology of snake venom poisoning. 
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LIBERATION OF HISTAMINE FROM THE PERFUSED 
LUNG BY STAPHYLOCOCCAL TOXIN 


By W. FELDBERG anp E. V. KEOGH?* 
From The Walter and Eliza Hall Institute, Melbourne 


(Received 5 March 1937) 


Tue theory of Lewis [1927] that cell injury is associated with the libera- 
tion of a histamine-like substance and that the similarity between the 
effects of many injurious agents is explained by this common mechanism 
has also been applied to the action of bacterial toxins. Some indirect 
evidence for this view has been put forward for the skin reactions pro- 
duced by streptococcal and diphtheria toxins, which show their effects 
only after a latent period of hours or days. We have sought direct evi- 
dence of the liberation of histamine by staphylococcal toxin, using the 
methods employed by Feldberg & Kellaway [1937] in the previous 
communication. Staphylococcal toxin, if administered intravenously, 
causes symptoms after a latent period of a few minutes only [Kellaway 
et al, 1930]. The relative shortness of this latent period made this toxin 
peculiarly suitable for our purpose. 


Guinea-pig’s and cat’s lungs were perfused with Tyrode solution 
through the pulmonary artery and the outflowing fluids were assayed for 
_ histamine, using the technique described in the previous communication. 
A slight alteration was introduced in the method of perfusion of the 
guinea-pig’s lung. It was dissected from the thorax and placed on a 
specially moulded wax sheet. No cannula was tied into the left auricle, 
but the heart was cut off at its base and the venous outflow, together with 
the fluid which exuded from the lung surface, were collected together. In 
the perfusion of the cat’s lung a cannula was tied into the left auricle and 
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the venous perfusate and the fluid exuding from the lung surface 
(‘leakage fluid”) were collected and assayed separately. When toxin was 
injected into the arterial cannula it was quickly washed through the 
lungs. To permit of longer contact, in some experiments the perfusion 
was stopped for $-2 min. while the injection was being made. 

We used a single batch of staphylococcal toxin, which was prepared in 
nutrient broth containing 0-5 p.c. agar. To prevent bacterial growth 
during storage 0-01 p.c. merthiolate was added. The toxin was centri- 
fuged before use to remove the bulk of the cocci. It completely haemo- 
lysed 1 p.c. suspension of rabbit red cells in a dilution of 1: 640. In- 
jected intravenously 0-5 c.c. killed a 3-1 kg. rabbit in 30 min. For 
neutralization, 1-0 c.c. required >10 and <201.v. of antitoxin. It was 
therefore less active than that used by Kellaway et al. [1930]. 


REsvuLTs 


In preliminary experiments it was found that the crude toxin had a 
stimulating action on the isolated guinea-pig’s jejunum, which was used 
for the routine assay. This action was apparently not due to the toxin 
itself but to the presence in the broth of a histamine-like substance.! 
Kellaway e al. showed that such a substance was present in control 
sterile broth samples and accounted wholly for the immediate depressor 
effect they observed. 

Following the addition of 0-2 c.c. of 5 p.c. solution of the toxin to the 
3 c.c. bath, the gut contracted immediately and relaxed again quickly on 
changing the fluid in the bath. With repeated administration, no diminu- 
tion of the stimulating action was observed. Repeated assays of the 
toxin against histamine on different days showed that the stimulating 
action of 1 ¢.c. of toxin corresponded to that of 4-2 + 10 p.c. of histamine. 
The toxin had an immediate depressor action on the cat’s blood pressure 
and yielded the same histamine equivalent when assayed by this test. 

The presence in the crude toxin of histamine or of a histamine-like 
substance complicated our experiments. The effects of this substance on 
the perfused lung had to be distinguished from those of the toxin itself 
and its presence in the perfusate differentiated from the output of hista- 
mine caused by the toxin. Fortunately the toxin acted on the lung only 
after a latent period of 10-40 min.,-which made the distinction possible. 


1 With a later batch of toxin, we were able to show that the whole of the stimulant 
action on the guinea-pig intestine was present in the sterile broth and was not increased by 
the addition of agar or by the growth of staphylococci. 
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Perfusion of guinea-pig’s lung 

Effect of the lungs. A few seconds after the injection of 0-5 c.c. of the 
crude toxin into the pulmonary artery strong bronchoconstriction sets in ; 
the respiratory movements diminish, stopping completely in the follow- 
ing 20-30 sec. No further changes are observed for 10-15 min.; the lung 
then swells gradually, fluid accumulates in it and parts of its substance 
become glassy and transparent. Similar, but more profound changes, 
have been described after large doses of snake venom [Feldberg & 
Kellaway, 1937]. The outflowing fluid becomes turbid and frothy; if 
boiled it becomes opalescent and coagulable protein may be precipitated. 
These changes become less evident if perfusion is continued for 1-14 hours 
after the toxin injection. 

The immediate immobilization of the lung is an effect of the hista- 
mine-like substance in the broth, whereas the late changes must be 
attributed to the toxin itself. ; 

Assay of perfusate. The histamine-like principle present in the broth 
is recovered in the fluid flowing out from the lung during the first 10-20 
min. after the injection. The sample collected in the first 2 or 3 min. 
contains the bulk of it, the concentration diminishing rapidly in the sub- 
sequent samples. Fluid collected about 15 min. after the injection may be 
completely inactive. The total activity of the samples collected within this 
period corresponds to the histamine equivalent of the injected crude toxin. 
During the next 10-20 min. a renewed activity is noted in the samples. 
The onset of this rise in activity occurs in some experiments (cf. Fig. 1) 

before the perfusate has lost all activity. The renewed activity reaches 
a maximum 40-60 min. after the injection and then slowly declines. 

The results of a typical experiment are graphed in Fig. 1, in which the 
abscissae give the time of perfusion in hours after the injection of toxin, 
the ordinates the histamine equivalents of the outflowing fluid in y per 
min. During, and for some 40 sec. after the injection of toxin (0-5 c.c.), 
perfusion was stopped. The rate of flow varied between 0-4 and 0:8 c.c. 
per min. The outflowing fluid before the injection had no detectable 
activity. The histamine equivalent of the first three samples collected 

during the first 15 min. corresponded to 2-06y, over half of which was 
found in the first 2 min. sample. The fourth sample collected during the 
next 15 min. had an activity corresponding to 0-3y of histamine. At the 
end of the experiment the toxin was assayed on the same preparation, 
and the dose used had a histamine equivalent of 2-2. Thus the 2-06 of 
the first three samples and about half of the activity of the fourth sample 
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must be attributed to the histamine-like principle in the crude toxin, In 
Fig. 1, the area representing this activity is shaded. The remaining half 
of the activity of the fourth sample is part of the renewed activity, which 
increases in the following two samples. Thereafter it decreases again, but 
even the last sample of fluid collected 2} hours after the injection of 
toxin had not become completely inactive. In other experiments the 
renewed activity disappeared sooner. 


y/min. 


i 2 2} hours 


Fig. 1. Histamine output from perfused guinea-pig’s lungs after injection of 0-5 c.c. of 
toxin at ( | ) (for details see text). 


Identification. This renewed activity of the perfusate is due to hista- 


~ mine liberated from the lungs. A sample, taken when the activity was 


strongest, was tested not only on the guinea-pig’s jejunum but also on the 
arterial blood pressure and suprarenals of the cat. Such an assay is 
illustrated in the following paper of Feldberg & O’Connor [1937]. The 
sample caused a fall of arterial blood pressure which was not abolished by 
atropine and an output of adrenaline from the suprarenals. All three 
reactions matched with the same histamine concentration. 

The late onset of the renewed activity in the perfusate excludes the 
possibility that it is due to the stimulating substance derived from the 
toxin, which is fully recovered in the early samples. The substance 
responsible for the renewed activity probably originates from the lungs. 
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In the previous paper on snake venoms it could actually be demonstrated 
that the lung had lost that amount of histamine, which was assayed in 
the perfusate. The amounts of histamine liberated by our toxin were too 
small for such a demonstration to be made with certainty. Nevertheless 
we must assume a similar mechanism and can therefore regard the active 
substance responsible for the renewed activity as being part of the lung 
histamine. 

Histamine output. The histamine liberated by the toxin is best 
expressed as a percentage of the lung histamine, because this varies 
greatly in different animals. In the experiment of Fig. 1, the output of 
histamine in 2? hours amounted to 8-96y. Another 0-85y was recovered 
in the 6-9 c.c. of fluid draining from the excised lung (“drainage fluid ”’) 
during a period of 50 min. The lung was then extracted and yielded 
54-6y of histamine. The lung therefore originally contained 64-4y of 
histamine, 15 p.c. of which had been recovered from the perfusate and 
drainage fluid. In different experiments the output varied between 4 
and 15 p.c. of the lung histamine. Our experiments were spread over a 
month during which the toxin lost some of its activity, the low values for 
the output being obtained in the later experiments. 

There was some parallelism between the histamine output and the 
effects observed on the lung. In the experiment of Fig. 1, for instance, 
the whole right lower lobe had become glassy, and transparent patches in 
the other parts were abundant and ran together. In those experiments in 
which the histamine output amounted only to 4-6 p.c. of the lung hista- 
mine, the effects on the lung were less pronounced. 

The drainage fluid in the experiment of Fig. 1 was collected in three 
successive samples. 3 c.c. were collected in the first 5 min. and 1-9 c.c. in 
the following 10 min. Both samples had a histamine concentration of 
about 1 in 7-5 million which was somewhat stronger than the histamine 
concentration of 1 in 11 million assayed in the last sample of perfusate. 
The third sample of 2 c.c. of drainage fluid, collected in 35 min., had a 
histamine concentration of about 1 in 10 million. This decrease in the 
histamine concentration has been observed in all those experiments in 
which the lung was excised when the histamine liberation was coming to 


an end. 
Perfusion of cat’s lung 
Two experiments have been done with results similar to those earlier 
obtained on the guinea-pig’s lung. There was an immediate broncho- 
constriction due to the action of the histamine-like principle present in 
the toxin, followed after some 20 min. by the effects of the toxin itself. 
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The immediate immobilization of the lung was not as complete as in the 
guinea-pig’s lung and could be overcome by increased ventilation. Later, 


fluid accumulated in the lung causing swelling and the appearance of 


glassy patches, which increased in size and number during the first hour. 
The venous outflow decreased as the effects due to the toxin developed 


and in one experiment stopped completely some 30 min. after the in- 
jection. On the other hand, the leakage fluid became more abundant; 
it could be further increased for a short period by increasing the lung 
ventilation, thus pressing out some of the accumulated fluid. Fluid 
appeared also in the trachea. | 


0-067 


[+ 
0-03 + Y 21-2 y hist. 
Uj 
Yj 
002 7 
OL 
0 2 2} hours 
Fig. 2. Histamine output from perfused cat’s lungs after injection of 1 c.c. of toxin at ( | ) 
(for details see text). | 


Assay of perfusate and histamine output. The results of one experiment 
are shown in Fig. 2. The outflowing fluid had some activity before the 
injection of toxin, the significance of which has been discussed in the 
preceding paper. The fluid collected during 15 min. immediately follow- 
ing the injection contained all the histamine-like principle of the in- 
jected 1 c.c. of toxin. This part of the activity is represented by the 
shaded area. When the toxin had been washed out, the activity of the 
perfusate returned to about its original yalue. The renewed activity did 
not start until about 30 min. after the injection, the latent period being 
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somewhat longer than in the guinea-pig experiments. The identification 
of this activity as being due to histamine liberated from the lung was 
made in the same way as in the experiments on guinea-pigs. The hista- 
mine output reached its maximum about 1 hour after the injection of 
toxin, then decreased again and came to an end after 2} hours. The out- 
put during that period amounted to 21-2y of histamine. Another 3-7 
was assayed in the drainage fluid, bringing the total output to 24-9y. 
Although this value is greater than in experiments on guinea-pigs, the 
percentage loss of the lung histamine was of the same order. The lung 
yielded by extraction 348 of histamine, the total output representing a 
loss of 6-7 p.c. In the other experiment the loss from the lung amounted 
to 96-5y or 6-9 p.c. of the lung histamine. The output started about 
40 min. after the injection of the toxin (1 c.c.), reached its maximum 
in 3 hours and was not complete when the perfusion was stopped after 
44 hours. Of the 96-5y, 197 were assayed in the drainage fluid. 

In the experiment of Fig. 2 in which perfusion was stopped when 


the histamine output had come to an end, the drainage fluid was : 


collected in two successive samples; the first 20 min. sample of 11 c.c. 
had a histamine concentration of 1 in 3-5 million in comparison with one 
of 1 in 15 million in the last sample of perfusate. The second 30 min. 
sample of 2-5 c.c. had a histamine concentration of 1 in 4 million. This 
result was similar to those in the experiments on guinea-pigs, which have 
already been discussed. In the other experiment perfusion was stopped 
before the histamine output had come to an end, and the histamine 
concentration of the second sample of drainage fluid had actually in- 
creased instead of being diminished. The first 5 min. sample of 19 c.c. had 
a concentration of 1 in 2-5 million, the second 10 min. sample of 6-6 c.c. 
a concentration of 1 in 800,000. The next 3-1 c.c. collected in 35 min. 
showed no further increase; the histamine concentration being 1 in 1 
million. We may safely conclude that if perfusion had been stopped at a 
still earlier stage, the third sample of drainage fluid would have shown 
a further increase in its histamine concentration. The experiment 
represents a condition of the lung midway between two limits—one in 
which the liberation of histamine is at its height after the toxin injection 
and the other when it is returning to normal. | 


Discussion 


The theory of Lewis that histamine is liberated from the tissues by 
bacterial toxin has, at least so far as staphylococcal toxin is concerned, 
been proven by the experiments here recorded. We were able to show that 
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this toxin, after a latent period characteristic of its action, causes an 
output of histamine from the perfused lungs of guinea-pigs and cats. 
Much of what has been said in the preceding paper concerning the part 
played by the liberation of histamine in the symptomatology of poisoning 
by snake venoms is also applicable here. Briefly we may say that those 
symptoms which resemble histamine effects may be attributed to the 
action of liberated histamine, whereas those symptoms which cannot be 
reproduced by histamine must be regarded as being due either to the 
direct effect of the cell injury caused by the toxin or to the liberation of 
substances other than histamine from the injured cells. Thus the acute 
fall of arterial blood pressure in cats with the concomitant rise in pul- 
monary pressure and the peripheral vaso-dilatation are manifestations 
which may be regarded as the effects of liberated histamine. On the 
other hand the hemorrhagic lung cedema, which has been described by 
Russ [1916] and by Kellaway et al. [1930] can scarcely be explained by 
histamine. The effects of the liberated histamine may combine with 
those of the cell injury. For instance the vascular reaction produced by 
intradermal puncture of bacterial toxins into the human skin differs 
from the triple response caused by puncturing in histamine. This differ- 
ence may be due to modification of the triple response by additional cell 
injury. 

The evidence here presented of the liberation of histamine by staphy- 
lococeal toxin makes it likely that this mechanism is involved in the 
action of other bacterial toxins. 


SuMMARY 


Staphylococcal toxin, after a latent period of between 10 and 40 min., 
causes an output of histamine from the perfused lungs. With the toxin 
used, of which 0-5 c.c. was injected into the guinea-pig’s lung and 1 c.c. 
into cat’s lung, the histamine output amounted to between 4 and 15 p.c. 
of the lung histamine. The role of this mechanism in the symptomatology 
of poisoning by staphylococcal toxin is discussed. 
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THE LIBERATION OF HISTAMINE FROM THE 
PERFUSED LUNG BY PEPTONE 


By W. FELDBERG anp W. J. OCONNOR' 
From the Walter and Eliza Hall Institute, Melbourne 


(Received § March 1937) 


Date & Larpiaw [1910] in their early paper on the pharniacological 
properties of histamine pointed out the similarity between its effects and 
those of peptone. Abel & Kubota [1919] suggested that this might be 


due to contamination of the peptone preparations with histamine, but — 


although some preparations contain rather large amounts of histamine 
[Hanke & Koessler, 1920) the familiar actions of peptone must be 
attributed to the properties of peptone itself [Hanke & Koessler, 1920; 
Abel & Geiling, 1924; Clark, 1926]. Lewis [1927] showed that 
peptone, punctured into the human skin, produces the characteristic 
triple response and concluded that it acts by the liberation of histamine. 
Dale [1929], in discussing the liberation of histamine in anaphylaxis, 
suggested that the peptone effects are also due to cell injury and the 
liberation of histamine. No direct evidence for this view has as yet been 
put forward. ; 

In the two preceding papers the liberation of histamine by certain 
snake venoms [Feldberg & Kellaway, 1937] and by staphylococcal 
toxin [Feldberg & Keogh, 1937] has been demonstrated in the perfused 
lung preparation. In the present paper the same methods have been 
applied for the investigation of peptone. 


MetTHop 


The lungs of guinea-pigs and cats were perfused from the pulmonary 
artery with warm Tyrode solution. The venous outflow and the fluid 
escaping from the lung surface (“leakage fluid”) were collected and 
assayed for histamine on the isolated jejunum of the guinea-pig. The 
arrangements for perfusion and for the assay of histamine were identical 
with those described in the previous papers. In all experiments we used 


* Working under a grant from the Council for Scientific and Industrial Research Endow- 
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Berner peptone, which, unlike Witte peptone, contained no histamine or 
so little that it did not interfere with the assay. It had, however, some 
actions on the isolated gut which had to be taken into account. The 
peptone was made into a 20-25 p.c. suspension in saline and injected 
into the lungs of the guinea-pig in a dose of 0-4—0-8 c.c. and of the cat in 
one of 3-6 c.c. 


RESULTS 
Effects on the guinea-pig’s jejunum 

Berner peptone has an inhibitory and a stimulating action. Both 
actions vary with the condition of the gut, and at different times one or 
the other is predominant. With repeated administration the muscle does 
not become desensitized but exhibits increasing sensitiveness to the 
stimulating action. 

On a freshly suspended preparation the addition to the 3 c.c. bath of 
3 or 6 mg. of peptone is without effect; much larger doses (30-60 mg.) 
cause immediate relaxation, followed, after a latent period of some 30- 
50 sec., by a slight contraction. With repeated administration of doses of 
this order the secondary stimulating effect becomes more pronounced, the 
contractions begin earlier and are more rapid and stronger. Though the 
sensitivity to histamine remains unchanged the muscle now becomes more 
sensitive to the stimulating action of peptone. Doses of the order of 
3-6 mg. produce strong contractions after a latent period of 10 sec. or 
less, the preceding relaxation being often only slight. The muscle when 
contracted by peptone relaxes slowly when the peptone is washed out, in 
contrast to its rapid relaxation after a histamine contraction. 

The preliminary inhibitory action of peptone can best be demon- 
strated on the contracted muscle. This is illustrated in Figs. 1 and 2. The 
preparations had already been subjected to several doses of peptone and 
rendered sensitive to its stimulating effect. In Fig. 1 the muscle was 
contracted by 0-08y of histamine (at A); the histamine was left in the 
bath and though some relaxation took place in the following seconds the 
muscle remained well contracted until 40 mg. of peptone were given at B. 
Immediate and complete relaxation ensued, followed, when the bath was 
washed out, by the secondary stimulating effect. 

If histamine and peptone are given simultaneously the immediate 
histamine contraction is more or less completely suppressed. Similarly 
the stimulating action of the peptone itself can be suppressed by its 
inhibitory effect. In Fig. 2, for instance, 40 mg. of peptone were given at 
A, producing slight preliminary relaxation followed by a contraction of 
PH, XC. | 19 
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small extent. When the peptone was washed out, and its inhibitory 
action thereby removed, a further and mvuzh stronger contraction 
occurred. Between A and B three successive doses of 40 mg. of peptone 
were given. At B another 40 mg. were given, which caused a preliminary 
relaxation followed by a contraction, a little stronger than that at A. 


Fig. 2. 

Fig. 1. Isolated guinea-pig’s intestine. At A, 0-08y histamine; at B, 40 mg. peptone. In 
this and the following figure the arrows ( + ) indicate washing out of the bath. 

Fig. 2. Isolated guinea-pig’s intestine. At A, B, C, D, 40 mg. peptone. 


Changing the bath led to a further contraction, at the height of which 
(at C) fresh peptone was added to the bath. This caused immediate, 
complete relaxation, followed again, when the peptone was washed out, 
by contraction. The same relaxation and after-contraction followed the 
addition of peptone at D. 

These peptone effects on the gut necessitated special precautions in 
testing out lung perfusate for histamine, We used only freshly suspended 
preparations on which the effects of small doses of peptone are negligible. 
Furthermore the lung perfusate, collected in the first minutes after the 
peptone injection and containing the main bulk of the injected peptone, 
was always tested after the subsequent specimens of the perfusate had 
been assayed, in order to prevent the muscle from becoming sensitive to 
small doses of peptone. 


Perfusion of guinea~pig’s and cat’s lungs 
In the guinea-pig’s lung peptone caused strong broncho-constriction 
which started from 20sec. to 2 min. after the injection, and became 
complete between 20sec. and 2 min. later. The immobilized lungs 
frequently became somewhat swollen and sometimes showed, in the 
later stages, transparent patches, which were less in number and extent 
than those observed with snake venoms or staphylococcal toxin. On the 
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cat’s lung the effects were almost identical, except that the broncho- 
constriction did not produce complete immobilization of the lung. 

The flow of the perfusion fluid through the lung was usually dimin- 
ished for some minutes after the peptone injection. This may have been 
due, at least in part, to the high viscosity of the injected peptone sus- 
pension. In some experiments the flow stopped and had to be restarted 
by milking the rubber connexions. This was always necessary if a second 
dose of peptone was injected. In the experiments on cats’ lungs in which 
the venous perfusate and leakage fluid were collected separately the latter 
was increased in amount. 

Assay of perfusate. The lung perfusate collected after the injection of 
peptone had a stimulating action on the isolated jejunum. This is 


Fig. 3. Isolated guinea-pig’s intestine. At 1 and 10, 0-04y histamine; at 2, lung perfusate 
before, at 3 to 8, perfusate after the peptone injection; at 9, 10 mg. peptone. 


illustrated in Fig. 3. The first (1) and last (10) tracings show the effect of 
0-04 of histamine tested at the beginning and at the end of the experi- 
ment to show that the sensitivity of the preparation had not materially 
changed. At 2, 0-4..c. of the perfusate collected before the peptone 
injection (200 mg.) had only a slight effect. The immediate stimulating 
effects of 0-2 c.c. of six of the successive samples collected after the in- 
jection are shown at 3 to 8. The order in which the samples were collected 
has been restored for the reproduction of the tracings, but the samples 
tested at 3 and 4, collected during the first 4 min. after the injection, 
contained the bulk of the peptone and were therefore not tested until 
after the succeeding four samples collected in 6, 10,10 and 10 min. When 
all samples had been assayed, 10 mg. of peptone was tested at 9 and 
caused a small delayed contraction. A comparison of this effect with that 
obtained from the first sample, after the peptone injection, shows that 
the primary rapid contraction at 3 cannot be accounted for by the 
peptone present in this sample. On the other hand the slight after- 
contraction is probably a peptone effect. 

19—2 
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We have mentioned that in some lungs glassy patches appear after 
the injection of peptone. This occurred only when the histamine loss 
from the guinea-pig’s lungs was about 3 p.c. and that from the cat’s 
lungs more than 8 p.c. 

Repeated peptone injections. A second injection of peptone, after the 
histamine output from the first injection had come to an end, caused a 
further output of histamine from the perfused guinea-pig’s and cat’s 
lungs. This output was sometimes larger and sometimes smaller than that 
following the first injection. In the experiment of Fig. 5 the second 
injection of peptone resulted in a histamine output of 29-5 or 3-8 p.c. of 
the histamine available in the lung at the time of the second injection. 


Discussion 


The theory that peptone liberates histamine from the tissues has been 
proved in our experiments on perfused lungs. We were able to show that 
the outflowing fluids, after the injection of peptone, contained histamine. 
The amounts found were smaller than those obtained in the experiments 
with snake venom and in those on guinea-pigs with a relatively weak 
staphylococcal toxin. On the other hand the changes in the lungs produced 
by peptone indicated that the cell injury was also less extensive. Thus a 
parallelism between cell injury and output of histamine can be estab- 


lished with different injurious agents. The cell injury produced by peptone 


in the lung resembles that caused by the anaphylactic reaction, and the 
amounts of histamine liberated are of the same order [Bartosch et al. 
1932; Daly et al. 1935}. 

The similarity between the symptoms of peptone and histamine 
shock is explained by our results. The histamine liberated by peptone, 
acts mainly at its site of liberation, though some may escape into the 
bloodstream. Such an escape may explain an early observation of 
Feldberg et al. [1928]. They injected a small amount of histamine-free 
peptone (Peptone Roche) into the jugular vein of a dog without obtaining 
any circulatory effects. The same dose of peptone, injected into the portal 
vein caused a rise in portal pressure and a fall in arterial blood pressure 
which persisted for some minutes. They attributed the depressor effect 
solely to congestion of the liver, but escape of liberated histamine from the 
injured liver cells into the blood and lymphstream may have contributed 
to the effect. 

The symptoms of peptone poisoning, however, are not wholly due to 
histamine. The incoagulability of the blood and the enormously increased 
lymph flow from the thoracic duct, which are characteristic symptoms of 
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peptone poisoning cannot be reproduced by histamine; they must be 
regarded as the direct effects of cell injury. In our experiments on the 
perfused lung the irregular appearance of glassy areas has also to be 
attributed to cell injury, whereas the broncho-constriction must be 
regarded as being due to histamine. 

The preliminary inhibitory action of peptone on the isolated guinea- 
pig’s jejunum is not a histamine effect, nor is it likely to be due to cell 
injury because it disappears as soon as the peptone is washed out; it is 
therefore probably due to a direct inhibitory action. Whether the same 
principle which causes the cell injury and liberation of histamine is 
responsible for this effect has not been determined. The stimulating 
action must be attributed to the liberation of histamine; the long latent 
period and the appearance of the contraction, even when the peptone has 
been washed out during the latent period are easily understood on this 
assumption. With successive applications of peptone the intestine becomes 
more sensitive to this stimulating effect, indicating increasing liberation 
of histamine with successive doses. This we have not been able to 
demonstrate regularly in experiments on the perfused lungs in which the 
outputs from two successive equal doses were compared. It must, how- 
ever, be admitted that a series of doses of peptone are required to cause 
the increased sensitivity of the isolated intestine. This increased sensi- 
tivity is in striking contrast to the immunity observed for many peptone 
reactions in the intact animal, which must be accounted for by the fact 
that later doses fail to liberate histamine. 


SuMMARY 


Peptone causes an output of histamine from the perfused guinea-pig’s 
and cat’s lungs. The role of this mechanism in the symptomatology of 


peptone poisoning is discussed. 
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A STUDY OF CHOLESTEROL IN THE ADRENAL 
GLAND IN DIFFERENT PHASES OF REPRODUCTION 
IN THE FEMALE RAT* 


By DOROTHY H. ANDERSEN anp WARREN M. SPERRY 


_ From the Pathological and Chemical Laboratories, Babies’ Hospital, and the 


- Departments of Pathology and Biological Chemistry, College of 
Physicians and Surgeons, Columbia University, New York City 


(Received 12 March 1937) 


Tue weight of the adrenal gland and the distribution and staining quality 
of the cortical lipoid vary in different phases of reproduction in the female 
rat [Andersen & Kennedy, 1932, 1933]. In an attempt to learn 
whether these variations might be correlated with other changes in the 
gland, we were led to a quantitative study of the cholesterol content of 
the adrenal. 

The adrenal gland is characterized by a more variable and higher 
average cholesterol content than is any other tissue (except brain) under 
normal conditions. It is also unique in the large proportion of the cholesterol 
which may be present in combined form. For these reasons the adrenal has 
received special attention in the study of cholesterol metabolism. The two 
views most widely held have been, on the one hand, that the adrenal is 
the site of cholesterol synthesis and, on the other, that it is merely a 
storehouse for cholesterol to be used in regulating the amount in the 
blood. Neither hypothesis has been proved, and the function of the 
adrenal in cholesterol metabolism remains a mystery. The recent finding 
[Reichstein, 1936; Wintersteiner & Pfiffner, 1936] that several 
compounds, isolated from active concentrates of cortin, are chemically 
related to the sterols, again directs attention to the problem. 

The statement occurs frequently in the older literature that there is a 
direct relation between the cholesterol content of the adrenal and that of 
the blood. The direct evidence for this is far from convincing, but it must 
be recognized that both in the circulating blood and in the adrenal glands 


1 This investigation was made possible by the aid of the Josiah Macy, Jr. Foundation. 
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the total cholesterol varies widely in concentration, and also contains a 
large proportion of combined cholesterol. The recent demonstration of a 


relatively constant proportion between the cholesterol fractions in normal _ 


blood serum [Sperry, 1936] suggests that similar studies on the adrenal 
might be of value. 

Although there have been many investigations of cholesterol in the 
adrenal, most have depended either upon histological methods or upon 
the determination of total cholesterol alone; in only a few have free and 
combined cholesterol been measured, and in these the study was re- 
stricted to relatively few analyses on man and the larger animals, such as 
the horse, sheep, and pig. Sperry & Stoyanoff [1935] studied the in- 
fluence of cholesterol feeding and infection on the cholesterol fractions of 
the adrenal in rats. We know of no other investigations of free and com- 
bined cholesterol of the adrenal in the small laboratory animals! with 
which carefully controlled conditions can be established and which can 
be studied in large numbers. The method of Schoenheimer & Sperry 
[1934], which was designed for the accurate determination of the chole- 
sterol fractions in small amounts of material, was utilized to determine 
the cholesterol in the adrenals of rats killed during proestrus, oestrus, 
diestrus, pregnancy, parturition and lactation, and also after spaying. 


METHOD 


The rats were all killed between the ages of 90 and 165 days, the great 
majority between 90 and 120 days. Those killed during lactation formed 
the older group. The strain has been bred in the laboratory for some years 
and is the same as that used in previous experiments [Andersen & 
Kennedy, 1932]. The colony has been maintained for 7 years on a con- 
stant diet, consisting of whole wheat flour 67 p.c., casein 15 p.c., butter 
5 p.c., NaCl 1 p.c., CaCO, 1-5 p.c., and dried yeast 0-4 p.c. Fresh lettuce 
is given twice a week. The rats have free access to food and water. The 
litters are reduced to seven during the first 3 days after parturition, 
whereby the weaning weight at 21 days is rendered more uniform. 

Procestrus, cestrus, and dicestrus were determined by obtaining 
vaginal smears every 8 hours for a period of 2 weeks or more. Only rats 
having a regular cycle of less than 6 days were used. Procestrus was con- 
sidered as the time when nucleated epithelial cells were first found after 
dicestrus; cestrus, when an abundance of cornified cells was first present; 


1 Bufano [1928] described a method for determining free and combined cholesterol in 
@ single adrenal of small animals, but, as far a8 we can discover, he did not employ it in 
metabolic studies. 
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and dicestrus, 48-60 hours after cesttus. The spayed animals were operated 
on at 58-62 days of age, at which time all had open vaginas. They were 
killed 6 weeks later. The remaining animals were mated for one night 
during cestrus. One group was killed on the 18th day of pregnancy, one 
group during parturition, when the first of the litter was in the cervix or 
had just been born, and one group on the 21st or 22nd day of lactation. 
All animals were carefully explored for the presence of infection, in- 
cluding otitis media, and the few infected animals were eliminated. In the 
pregnant and parturient rats the weight of the uterus and contents plus 
any young that had been born was deducted from the total weight of the 
rat plus young to give the “net weight”. 

Immediately after killing the adrenals were removed, weighed, placed 
in a tared 5 c.c. volumetric flask, and ground up against the wall of the 
flask with a curved glass rod. The flask was weighed again to give the 
amount of adrenal tissue taken for analysis, and about 2 c.c. of acetone- 
absolute alcohol (1 : 1) were added. After standing for some time (usually 
for at least 24 hours) the solvent was brought to a boil and the analysis 
was carried out as in the Schoenheimer-Sperry procedure for blood 
serum. The completeness of extraction was not tested by comparative 
estimations with other procedures, since insufficient material was avail- 
able, but excellent results have been obtained with a similar method 
applied to other tissues. 


DATA AND DISCUSSION 


The data (Table I) show a large variability (high standard deviation) 
for all quantities measured in each of the phases of reproduction. In most 
previous studies such variability among the animals in weight and in 
total cholesterol content of the adrenal has been a characteristic finding 
under all conditions investigated. Our results also show a considerable 
variability in the percentage of free cholesterol. The average coefficient 

Tazz I. Cholesterol in the adrenal at various phases of the sexual cycle in female rats. 
(Average values with standard deviation) 

Total chol. Free chol. 


The standard deviation was calculated by the formula ¢ = 


Adrenal Combined § Ratio 
No. Net wt. Wt.of wt.(inmg.) mg. per mg.per mg. Comb. 
of of rats adrenals = perl00g. 100mg.of 100mg.of per 100 “Free 
rats g- mg. of rat adrenal of chol. 
9 1790 85 4148 21 31 219 041 O31 005 188 O74 5-87 
6 1720 356 59 20-7 2-29 0-64 010 106 062 6-32 
7 1783 1 366 50 23 284 082 035 000 249 O87 7-56 
9 2110 162 40 63 219 25 1-50 082 008 120 034 4-26 
16 1943 137 486 56 248 1-462 053 010 129 049 401 
19 17383 242 5038 81 67 129 061 O31 008 056 3-10 
17 2114 197 513 77 244 40 2:44 086 035 O19 200 087 651 
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of variation is 28 (V = 100c/mean) as compared with a value of 38 for com- 
bined cholesterol. There is some evidence indicating that free cholesterol 
forms an integral part of cell structure and is not subject to large fluctua- 
tions. As examples may be cited the quite constant concentration of free 
cholesterol in red blood cells [Brun, 1936] and the finding of only a small 
change in the free cholesterol content of the liver under conditions causing 
a manifold increase in combined cholesterol [Sperry & Stoyanoff, 
1935]. The large variation among animals in each of the phases is difficult 
to correlate with the foregoing conception, but the average values are in 
complete accord with the hypothesis. The mean level of free cholesterol 
is almost the same in all of the phases, in contrast with the average per- 
centages of combined cholesterol which differ markedly in some instances. 

The phases may be divided by inspection into two groups: (1) spayed, 
pregnancy, and parturition, in each of which the average percentage of 
total and of combined cholesterol is low, and (2) procestrus, cestrus, 
diestrus, and lactation, in each of which the same percentages are high. 
Because of the large variability it was not certain that the differences were 
real, and the data were subjected to statistical analysis according to the 
formulae recommended by Fisher [1934] for the comparison of means of 
small and different numbers of observations. The probability that random 
sampling is responsible for a difference between means is usually estimated 
from the ratio of the difference to its probable error. With small numbers 
of observations a more accurate estimate of the probability (P) is ob- 
tained by calculation of the value designated as ¢t by Fisher. The value 
of ¢ was calculated for the comparison of each phase with every other 
phase for each of the quantities measured. 

The results (Table II) show that no difference between any pair of 
phases within each of the two groups (first nine comparisons) is significant 
for the percentage of total, combined, or free cholesterol (¢ is less than that 
necessary to establish P=0-05 in all cases). On the other hand, most of 
the differences between phases in group | and group 2 (last twelve com- 
parisons) are definitely significant for the percentage of total and of com- 
bined cholesterol, but not of free cholesterol. In all instances except two 
(pregnancy cestrus and parturition cestrus) ¢ for total cholesterol is 
5 greater than that necessary to establish P=0-01; i.e. there is less than 


ry one chance in one hundred that random sampling was responsible for the 
2 difference. In the case of combined cholesterol the same is true for all 
55 comparisons except spayed procestrus, pregnancy procestrus, and 
-90 pregnancy cestrus. In all of the exceptions ¢ is considerably greater than 


is necessary to establish P=0-05. It may be concluded that the total 
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Taste Il, Values of ¢ for various comparisons 


Quantities compared 
: Com 
100° 1 wt. (in mg.) 
me. of, of 100mg, of “Frees per necessary to establish 
P=001 
0-504 0-963 2-807 
hin 1-170 0-413 1-915 3-222 2-056 2-779 
parturition 1-692 1 0-686 1-754 2-750" 
Procestrus cestrus 0-364 0-282 19 1-461 2-160 3-012 
dicestrus 2-073 1-601 1-144 1-324 1-808 2-145 apd 
Proces lactation 12 
(Estrus lactation 0-390 0-313 
042 1078 2-373 2-074 2-819 
procestrus 2-427 0-243 1-421 0-909 2-120 
5 cestrus 3-177 3-142 1047 1-864 0-792 2-160 3-012 
yed dicestrus 4-189 1-136 1-061 2-145 2-977 
yed lactation 3-130 2-928 1-179 2-172 1-729 2-064 2 
proestrus 2-841 2-370 0-825 1-342 2-069 2-807 
Pregnancy cestrus 2-533 2-714 0-085 2-503 2-086 2-845 
Pregnancy dicestrus 0-300 5-986 3-139 2-080 2-831 
Pregnancy lactation 3-293 3-282 0-440 3-071 0-329 2-042* 2-750* 
Parturition procestrus 4018 0-210 3-660 2-790 2-056 2-779 
Parturition cestrus 3-607 0-404 3-606 3-138 2-069 2-807 
Parturition dicestrus 5-240 5-334 0-855 5-486 3-487 2-064 2-797 
Parturition lactation 4-670 4-645 1-084 4-495 2-793 2-042" 2-750* 


* The values are for n —30. The actual values of n were 33 for pregnancy parturition, 31 for pregnancy lactation 
and 34 for parturition lactation. 


cholesterol of the adrenal is significantly lower in spayed, pregnant, and 
parturient rats than in rats during various stages of the cestrous cycle and 
lactation. As free cholesterol did not vary significantly, changes in com- 
bined cholesterol are responsible for the differences. 

If it is true, as frequently stated, that the cholesterol content of the 
adrenal is directly related to that of the blood serum, one might expect 
that the proportion between the cholesterol fractions in the former would 
vary no more than it does in the latter. One of us has shown [Sperry, 
1936} that the ratio of combined to free cholesterol is relatively constant 
in the blood serum of healthy persons. Sperry & Stoyanoff [1935] 
reported analyses in thirty-eight rats, but, unfortunately, the data can- 
not be accepted as normal, since most of the animals had lived for long 
periods either on a synthetic diet containing no cholesterol or on a diet 
which contained cholesterol in excess, and in many instances had recently 
been infected with the paratyphoid organism Salmonella dansyz. 
Chanutin & Ludewig [1936] determined the cholesterol fractions in the 
blood plasma of twenty-six normal rats with the same method as that 
employed in this investigation. A variation from about 60 to 80 p.c. 
of esterified cholesterol in total cholesterol with an average of 70 p.c. was 
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observed. (These values, expressed as ratio of combined to free chole- 
sterol, are 1:5, 4:0, and 2:3 respectively. Most of the determinations in 
Sperry & Stoyanoff’s [1935] series fell within this range.) The 
variation thus appears to besomewhat greater in rats than in humans, in 
whom the ratio ranged from 2:3 to 3:1 only, but the average is about the 
same in both species. By contrast the ratio in the adrenal (Table I) is highly 
variable in all phases of the female reproductive cycle, and the average 
values are much greater (except in parturition). The ratio varies with the 
combined cholesterol, and in most instances the phases of group 1 differ 
significantly from those of group 2. There is no evidence for a direct 
relationship between serum and adrenal cholesterol. 

In attempting to interpret the variations in percentage of combined 
cholesterol the possibility was considered that hypertrophy of the adrenal 
without change in the absolute amount of cholesterol esters might account 
for the low percentage in the three phases of group 1 (especially in the 
parturition phase, where the weight of adrenal per unit weight of rat was 
high), and that there actually was no significant change in the absolute 
amount of adrenal cholesterol from phase to phase. Correlation co- 
efficients, which were calculated between the three variables, weight of 
adrenal cholesterol, weight of adrenal, and weight of rat for the entire 
series, gave some slight support to this possibility, since the coefficient 
for adrenal cholesterol-rat weight, though low (+ 0-274), was higher than 
that for cholesterol-adrenal weight (— 0-004). Consequently the weight 
of adrenal cholesterol per unit weight of rat was computed and the data 
were treated statistically as before. The result was essentially the same; 
ie, there were no significant differences among phases within the two 
groups, while in most comparisons the total and combined cholesterol per 
unit weight of rat in the phases of group 1 differed significantly from that 
in the phases of group 2. 

The finding of a lower percentage of total cholesterol in the adrenals 
of pregnant than of normal rats in different phases of the cstrus cycle 
deserves comment, in view of several reports in the older literature [see 
Sternberg, 1915 for a summary] of an increase in the lipoids and chole- 
sterol of the adrenal during pregnancy. It must be pointed out, however, 
that most of these were based on histological evidence, F ex [1920] failed 
to find any correlation between chemical and histological estimations of 
combined cholesterol in the adrenal. 

The cholesterol content of the adrenal does not show any obvious 
correlation with the histological changes in these reproductive phases. 
The lowest cholesterol values are found in two apparently quite different 
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physiological states: (a) in spayed animals in which reproductive activity 
is absent, physical activity is decreased [Richter, 1933], the thyroid 
appears hypoplastic [Andersen & Kennedy, 1933 6}, and the liver 
metabolism is low [Victor ef al. 1936]; (6) during pregnancy and 
parturition, in both of which there is presumably a temporary increase 
in general metabolic processes. 


SuMMARY AND CONCLUSIONS 


1. The amount of total, free, and (by difference) combined cholesterol 
of the adrenal gland was determined in various phases of reproduction in 
female rats. 

2. No statistically significant differences in free cholesterol were ob- 
served, but the percentage of total and combined cholesterol in the 
adrenal was significantly lower in spayed, pregnant, and parturient rats 
than in rats during procestrus, cestrus, dicestrus, and lactation. As free 
cholesterol did not change appreciably, the ratio of combined to free chole- 
sterol varied from phase to phase with the percentage of combined 
cholesterol. 

3. Combined cholesterol is a labile constituent of the adrenal gland 
and may vary widely under physiological conditions. 

4. No evidence for a direct relationship between serum and adrenal 
cholesterol was obtained. 
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ACTION OF ADRENALINE ON THE 
SERUM POTASSIUM 


By J. L. DSILVA 
From the Department of Physiology, King’s College, London 
(Received 24 March 1937) 


In a previous communication it was shown [D’Silva, 19365] that the 
liberation of potassium by adrenaline in the perfused cat’s liver was 
facilitated by the presence of oxygen. Larger quantities of the base were — 
set free when the perfusion was carried out with blood than when 
van Dyke & Hastings’ fluid was used. Evidence was adduced to show 
that asphyxia of the tissues attendant on the use of the inorganic fluid 
was not responsible for the results. Further, before the organ was 
capable of responding to a second dose of the drug, a period of recovery 
(oxidative) was necessary. In the present investigation various factors 
which might be concerned in the liberation of potassium have been 
studied further. 


Cats anzsthetized with chloralose after ether were used. In all cases 
the animals were allowed to rest after the induction of anzsthesia, for 
large amounts of ether have a tendency to increase the serum potassium 
[D’Silva, 1934]. Potassium was estimated by the method of Kramer 
& Tisdall [1921] as modified by Hubbard [1933]. Some of the 
experiments were carried out on the perfused liver. The technique of 
establishing perfusion and of collecting and analysing the effluent fluid 
has been described previously [D’Silva, 1936a]. 


RESULTS - 
Response of the intact animal to successive doses of adrenaline 
The injection of 0-05 mg. of adrenaline into an arm vein resulted in 
a large increase in the concentration of potassium in the serum [D’Silva, 
1934]. Comparable increases in serum potassium were obtained when 
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the same dose was injected at intervals of 10 min. five times (Table I, 
Exps. 1 and 2). The minimum amount of blood (5 c.c.) was withdrawn 
from the femoral artery after each injection, to minimize the effects of 
loss of blood. 

As the animals appeared to be capable of dealing with the drug 
administered under the above conditions, the interval between successive 
injections was shortened and the dose increased in another series of 
experiments. 

After withdrawing 5 c.c. of blood from the femoral artery, successive 
injections of 0-1 mg. of the drug were administered every 3 min. 1 min. 
after each injection further blood samples were obtained, four in all. 
The blood was allowed to clot overnight and potassium was determined in 
the serum. In each case there was a definite increase in the concentration - 
of the base. There was appreciable hemolysis in the third and fourth 
samples, probably a result of the hemolytic action of the drug. 45 min. 
later, injections of 0-1 mg. of adrenaline again increased the concentration 
of potassium in the serum to levels identical with those after the first series 
of injections (cf. Table I, Exps. 3 and 4). 


Taste I, Effect of successive injections of adrenaline on the intact animal 


Concentration of jum in serum 
in mg./100 .c. Interval in min. 
r A - between injections; 
Exp. Beforeadrenaline | After adrenaline and dose in mg. 
| 20-0 27-6, 26-5, 26-8, 25-2, 25-8 10; 0-05 
2 19-6 24-3, 24-9, 24-0, ah 23-8 
3 19-7 24-3, 25-3, 25-3, 23- 3; 0-1 
Interval of 45 min. 
19-9 24-0, 25-2 3; 0-1 
a 19-2 26-1, 25-5, 24-9, 25-0 3; 0-1 
Interval of 45 min. 
19-5 25-0, 25-5 3; 0-1. 
5 18-2 28-3, —, 23-8, —, 20-4, —, 18-7 3; 01 
Interval of 1 hr. 
17-4 27-2, —, 21-9 3; 01 
6 19-3 25-0, —, 24-5, _, 22-9, =, 20-0 3; 0-1 
Interval of 1 hr. 
19-0 24-8, —, 23-0 3; 0-1 


In other experiments, the injections of adrenaline were given as 
before, but blood samples were taken 1 min. after the first, third, fifth, 
and seventh doses in order to minimize the effects of loss of blood, which 
increases the concentration of potassium in the serum [D’Silva, 1934]. 
In this series also, the third and fourth blood samples showed definite 
signs of hemolysis. There was but a feeble mobilization of the base in 
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response to the seventh injection. Within an hour, however, the animal 
had recovered completely its capacity to liberate the base (Table I, 
Exps. 5 and 6). 

Experiments described later (cf. Table V) show that the increase in 
the concentration of the base cannot be ascribed solely to the transference 
of potassium from the corpuscles into the plasma, as the whole blood 
potassium of cats, in contrast with that of many other animals, is not 
very much greater than the concentration of the base in the serum. 


Response of the perfused liver to successive doses of adrenaline 

In a previous communication [D’Silva, 19366] evidence was obtained 
that injections of adrenaline, separated by periods of 5-15 min., into the 
affluent fluid of a liver perfused with blood did not mobilize the same 
amounts of potassium. Less of the base was liberated in response to the 
second and third injections. It was considered possible that the massive 
doses (0-2 mg.) injected, which tended to increase the resistance of the 
liver to perfusion, may have been responsible for the results obtained. 

Another series of experiments was performed in which eight injections 
of 0-1 mg. of adrenaline were made at intervals of 3 min. into the 
inflowing blood. The effluent fluid was collected during two successive 
periods of 12 min. After centrifugation, potassium was determined in 
the plasma which showed scarcely any visible signs of hemolysis. The 
amount of the base liberated in the second period of 12 min. was much 
less than that liberated during the first (Table II), but the latter figure 


Taswz II. Effect of successive doses of 0-1 mg. of adrenaline, injected 
at intervals of 3 min., on the perfused liver 


Average rate of perfusion 
c.¢./min. Mg. of potassium liberated 
Exp. First 12 min. Second 12 min. First 12 min. Second 12 min. 
1 38 35 13-2 7-3 
2 36 26 29-7 7:8 
3 35 29 18-6 8-2 
4 33 30 21-0 8-0 


(13-2 mg. in Exp. 1) was variable and was usually less than that obtained 
after one dose of 0-2 mg. of the drug [D’Silva, 19366]. A slow perfusion 
rate was chosen to ensure as far as possible that the conditions favoured 
the “fixation” of the injected adrenaline by the liver cells. At the same 
time the amount of oxygen brought to the tissues for their metabolic 
recovery was diminished. Besides, with successive injections, the liver 
vessels tended to shut down and diminish further the perfusion rate, 
PH, XC. 20 
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an effect which was to some extent counterbalanced by increasing the 
perfusion pressure. This did not necessarily imply that a larger area of 
the liver was irrigated and may have led to the results described. 


Effect of insulin on the recovery process 

Subcutaneously injected insulin (up to 25 units) was without apparent 
effect on the response of the intact animal to successive injections of 
adrenaline. It did not antagonize the power of the drug to mobilize 

jum. 

Perfusion of the liver with blood to which insulin had been added, 
or the injection of insulin at any stage in the experiment, had no effect 
on the capacity of the organ to liberate the base in response to repeated 
injections of adrenaline. 


Effect of a single dose of adrenaline on the recovery process 

An injection of adrenaline (0-1 mg.) was made into the affluent blood 
of a perfused liver and thereafter for consecutive periods of 10 and 
6 min. the effluent blood was collected. In the first sample, the amount 
of potassium in the plasma always exceeded that in the affluent plasma 
by 12-15 mg. whereas in the second sample this difference was negligible. 
Since the liberation of potassium following a single dose of adrenaline 
is completed in about 6 min., the results of this experiment indicate that 
the liver cells, deprived of potassium by the drug, were incapable within 
the next 10 min. of extracting the base to any extent from the perfusion 
fluid. 

Effect of starvation 

Food (except water) was withheld from cats for 2 days, but the 
response of the blood potassium to intravenously injected adrenaline 
(0-05 mg.) resembled that in the intact animal, as did the capacity of 
the isolated liver to mobilize the base when perfused with blood containing 
adrenaline (0-1 mg.) (Protocol 1). 


Protocol 1 


10.00: serum potassium was 19-7 mg./100 o.c. Injected int usly 0-05 mg. adrenaline . 
10.01: serum potassium was 25 mg./100 c.c. 10.31: serum potassium was 19-4 mg./100 o.c. 
Injected intravenously 0-05 mg. adrenaline. 10.32: serum potassium was 24-6 mg./100 c.c. 
11.15: established perfusion of liver with defibrinated blood. 11.30: 0-1 mg. adrenaline 


mobilized 12-5 mg. 
Effect of phloridzin 
Food (except water) was withheld from the animals (which were not 
allowed access to their excreta) for 3 days and phloridzin dissolved in 
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warm 1-25 p.c. sodium bicarbonate solution was injected subcutaneously 
in doses of 1 g. three times a day. The animals were then anzsthetized 
with chloralose administered after ether. Adrenaline (0-05 mg.) injected 
intravenously caused an increase in the concentration of potassium in 
the serum. The animals recovered the power to liberate more of the base 
after 20-30 min. (Table ITI). 


Tasiz III. Effect of 0-05 mg. of adrenaline on the phloridzinized cat 
Serum 


Interval 
mg./100 0.0. between 
Exp. Before After min. 
1 20-0 25-5 20 
19-7 25-0 
2 19-5 23-3 30 
19-4 23-0 
3 20-2 26-5 30 
19-7 25-0 
Effect of sodoacetic acid 


Iodoacetic acid (0-05 mg. per 1 g. wt. of animal) in water containing 
enough sodium bicarbonate to neutralize the acid, when administered 
subcutaneously to cats before the induction of anesthesia, had no 
noticeable effect on the mobilization of potassium by 0-1 mg. of adrenaline 
administered intravenously. Moreover, the power of recovery of the 
animal to mobilize a further quantity of the base in response to a second 
dose of the drug given 20 min. later was unimpaired. Protocol 2 shows 


Protocol 2 

11.00: injected subcutaneously iodoacetic acid (0-05 mg./l g. wt. of animal) in water 
containing enough NaHCO, to neutralize the acid. Anwsthetized with chloralose after 
ether. 12.00: 0-1 mg. of adrenaline given intravenously increased the serum potassium 
from 18-8 to 27-0 mg./100 ¢.c. in 1 min. 12.20: 0-1 mg. of adrenaline given intravenously 
increased the serum potassium from 18-4 to 26-4 mg./100 c.c. 13.00: established perfusion 
of the liver with oxygenated blood. 13.15: 0-1 mg. of adrenaline mobilized 10-8 mg. 
potassium in 6 min. 13.25: injected 30 mg. of iodoacetic acid as the sodium salt. 13.30: 
0-1 mg. of adrenaline mobilized 9-8 mg. potassium in 6 min. 


that the effect of iodoacetic acid in the perfused liver was very small, as 
the base liberated by a single dose of adrenaline was comparable with 
its effect on the normal liver (cf. Table IV). A further large dose of 
iodoacetic acid had no effect on the liberation of potassium by the 
isolated organ. 
| When iodoacetic acid (0-1 mg. per 1 g. body wt.) was administered 
subcutaneously after the induction of anesthesia 0-1 mg. of adrenaline 
injected intravenously usually proved fatal, although only after a few 
20—2 
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(less than 10) minutes. The increase in concentration of potassium in the 
serum 1 min. after the injection was always observed although the 
increase was rather less than that observed in a control experiment 
performed before iodoacetic acid was injected. In each experiment, 
post-martem examination revealed the venteicles in state of severe 
contraction. 


The quantitative liberation of potassium by adrenaline 
in the perfused liver 

Perfusion was established as described previously [D’Silva, 19362] 
with freshly drawn, defibrinated ox blood diluted with van Dyke & 
Hastings’ [1927-8] fluid so as to bring the blood cell volume to 45 p.c. 
In no case did the plasma show visible evidence of hemolysis. Adrenaline 
was injected into the ingoing fluid and the potassium liberated during 
8 min. was determined in the effluent fluid. After a period for recovery 
(10 min.) a second injection of the drug was given and the potassium 
output of the organ was again determined as a check on the first deter- 
mination, but was invariably lower. This was not unexpected in view 
of the experiments described previously. Table IV shows that 0-1 mg. 
of the drug liberated 12-4-15-3 mg. of potassium. 


TaB_z IV. The quantitative liberation of potassium by adrenaline 


in a liver perfused with blood 
A Adrenaline Potassium 0-1 
verage mg 
perfusion rate injected liberated oi calculated) 
Exp. c.c./min. mg. mg. mg. 
1 66 0-2 24-8 12-4 
2 33 0-2 26-9 13-5 
3 45 0-09 13-8 15-3 
4 28 0-045 6-5 14-4 
5 50 0-1 13-7 13-7 


The variation observed in the results from the mean value (13-8 mg.) 
is not large considering the nature of the experiment. The amount of 
potassium liberated by a second dose of the drug has usually been lower 
(up to 30 p.c.) than that liberated by the first dose. 


Potassium content of cat’s blood 
1 c.c, of oxalated blood was evaporated to dryness, the major portion 
of the carbonaceous matter removed by heat, and the residue gently 
ignited with one or two drops of concentrated nitric acid. The colourless 
ash was dissolved in the minimum amount of hot dilute hydrochloric 
acid and transferred quantitatively to a centrifuge tube, in which the 
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Taste V. Concentration of potassium in cat’s blood 


Mg. per 100 c.c. 
Exp. Blood Serum 

1 20-5 17-2 
2 210 16-4 
3 29-7 

4 33-7 16-9 
5 27-1 16-2 
6 24-8 17-2 


analysis for potassium was carried out. Table V which records the results 
of several analyses and the corresponding concentrations of potassium 
in the serum shows that the red cells do not contain a very much higher 
concentration of the base than the plasma. 


SuMMARY 


1. The intact cat and the isolated liver appear capable of responding 
equally (by mobilizing potassium) to 0-1 mg. of adrenaline injected 
intravenously at intervals of 3 min. 

2. Adrenaline mobilizes potassium in the intact animal as well as 
from its perfused liver, after (a) starvation, (b) treatment with phloridzin. 

3. Iodoacetic acid is without effect on the power of adrenaline to 
mobilize the base. Insulin apparently plays no part in the process. 

4. 0-1 mg. of adrenaline liberates 12-15 mg. of potassium in the 
perfused liver, and other doses proportional amounts. 

5. The whole blood potassium of cats is less than twice the con- 
centration of the base in the serum. 


I am indebted to Prof. McDowall for his interest in this work and to the Sir Halley 


Stewart Trust for a Fellowship during the tenure of which these experiments were 
carried out. 
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We have presented evidence previously [Schweitzer & Wright, 


1937 c, d] that acetylcholine and related substances and certain anti- 
cholinesterases modify somatic reflexes owing (in part) to an action on 
the central nervous system. We have also briefly reported [1937 c] that 
acetylcholine, prostigmine and Stedman’s “meta compound” depress, 
abolish or delay the onset of strychnine convulsions in cats under 
chloralose anesthesia. In this paper we give an account of a more de- 
tailed analysis of the anticonvulsant action of this group of drugs. We 
have also studied the effects on strychnine convulsions of stimulation of 
the central end of the vagus nerve. 


METHODS 


Cats were used anesthetized with chloralose (0-065-0-08 g. per kg. 
body weight). The right hindlimb was firmly fixed by means of drills 
through the femur and the ischial tuberosity and the spontaneous move- 
ments set up by an injection of strychnine were recorded by connecting 
the leg with strong thread over pulleys to a Sherrington torsion lever 
myograph. Sometimes the knee jerk was also elicited at intervals of 
5 sec., using an automatically operated hammer to strike the patellar 
tendon (Schweitzer & Wright, 1937 a]. 

The minimum amount of strychnine necessary to produce convulsions 
was usually 0-1-0-2 mg. per kg. body weight, but in some experiments far 
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larger doses (1 mg. or more per kg.) were employed. The convulsions so 
produced involve the whole body including the hindlimbs which show 
fairly regular rhythmic, spontaneous, powerful extension movements at 
the knee and ankle. The degree of regularity of these movements was often 
noteworthy. The effect of using larger doses of strychnine is usually to 
increase the frequency of the convulsive movements without necessarily 
producing any further increase in the force of the contractions. 

All the experiments were performed in atropinized animals, and under 
artificial respiration to avoid the asphyxial action of strychnine con- 
vulsions. 

Ischemic hindlimb technique. To determine the extent to which the 
anti-convulsant drugs produce their effects by an action on the central 
nervous system or peripherally on the muscles we made use of the 
ischemic limb technique outlined in the previous paper [Schweitzer & 
Wright, 1937 d]. All the branches of the abdominal aorta below the 
ceeliac axis with the exception of the right common iliac artery are tied. 
Strychnine is injected and the abdominal aorta and inferior vena cava 
are clamped for a short control period, usually 5 min. Under such con- 
ditions the blood supply to the (right) convulsing hindlimb is for all 
practical purposes completely cut off. If methylene blue is injected into 
the jugular vein none can be detected macroscopically or microscopically 
in the ischemic hindlimb. The effect of such a period of ischemia depends 
on the vigour and frequency of the convulsions in the leg. When the 
movements are very violent and repeated at short intervals, e.g. every 
2 sec. or less, the force of contraction may decline, sometimes markedly. 
On the other hand, when the convulsions are less severe and of more 
moderate frequency, the force of contraction during such a period of 
ischemia is little altered or entirely unaffected. It is important to stress 
that ischemia was never found to diminish the frequency of the convulsive 
movements. After allowing a short interval for recovery, the circulation 
to the hindlimb is again occluded and the anti-convulsant drug under 
investigation is injected into the jugular vein. The effects of the drug on 
the force and frequency of the movements of the limb during the period 
of ischemia and after reopening the circulation are carefully noted. 

Most of the anti-convulsant drugs here examined even when injected 
in small doses produce marked muscular twitching by means ofa peripheral 
action. This effect was used to control the completeness of the ischemia 
during the period of circulatory ‘obstruction. If any twitching developed 
in the ischemic limb following the intrajugular injection of the drug the 
experiment was discarded. 
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Isolated hindlimb technique. In a number of experiments we have 
adopted a more rigorous procedure which finally excludes the possibility 
of any collateral circulation reaching the convulsing muscle that is under 
observation. All the soft tissues in the lower third of the thigh were 
divided down to the bone, leaving intact only the femur, the sciatic nerve 
and the femoral artery and vein. The small vessel usually accompanying 
the sciatic nerve was in some instances also dissected off. The pelvis and 
both hindlimbs were suitably fixed by means of drills. The femur was 
then divided with a Gigli saw. The gastrocnemius tendon was attached 
to a torsion lever myograph. Great care was taken to avoid stretching the 
sciatic nerve during the dissection and fixation of the limb. The limb was 
wrapped round with warm saline swabs and cooling was prevented by 
means of a suitably arranged steam spray. Under these conditions when 
the femoral artery and vein are clamped the blood supply to the gastro- 
cnemius is completely cut off. In some cases the opposite patellar tendon 
was regularly stimulated at the rate of once in 5 sec. Strychnine con- 
vulsions are first recorded from the gastrocnemius during a control period 
of ischemia of 5 min. duration, and again during a second, experimental, 
ischemic period in which one of the anti-convulsant drugs is injected 
into the jugular vein. 

In many experiments the spinal cord was also divided at the level of 
the eighth to the tenth thoracic spine. ; 


RESULTS 


Action of acetylcholine and doryl. (a) Acetylcholine in doses of 
0-25 mg. or more per kg. body weight diminishes the force or frequency 
of strychnine convulsions (Fig. 1). The extent of the effect observed 
depends on the amount of strychnine previously injected and on the 
violence of the convulsions. With larger doses of acetylcholine, the con- 
vulsions may be completely arrested for periods up to 5 or 10 min. The 
effect usually sets in rapidly and may become maximal in less than 30 sec. 
Recovery, however, is always gradual and the convulsions increase pro- 
gressively in force and frequency. Control experiments have shown that 
if the strychnine convulsions are untreated they may maintain their 
vigour and frequency unimpaired for periods up to 30 min. or more, and 
when large doses, say 0-3 mg. of strychnine per kg. body weight are given, 
the convulsions may be maintained regularly for hours. 

(6) Dory] (carbaminoy] ester of choline (Merck)) has a more powerful 
and prolonged inhibitory action on strychnine convulsions than acetyl- 
choline. In atropinized animals as little as 0-1 mg. intravenously may 
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diminish the force of the convulsions and a dose of 1 mg. may abolish 
them for 15 min. or longer (Fig. 2). The convulsions finally return to their 
full original intensity. 


Fig. 1. Cat. Chloralose, [All the figures are from animals under artificial respiration and 
atropinized (1 mg. per kg.).] Records from above downwards are spontaneous move- 
ments of right hindlimb due to strychnine previously administered, blood pressure, 
time in min., signal line. Inject successively 0-3 mg. strychnine, 3-0 mg. acetylcholine. 
Note decrease in frequency as well as in force of convulsions which finally returned to 
their previous level. 


Fig. 2. Cat, 4kg. Chloralose. Record of strychnine convulsions to be read from left to right 
successively in A, B, C. Blood-pressure record accompanies A. At first arrow inject 
5 mg. strychnine. At second arrow inject 1 mg. doryl intravenously. 


_ As the animals are under artificial respiration the inhibitory action 
of acetylcholine and doryl cannot be attributed to any changes produced 
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in the gaseous composition of the blood. It is also independent of varia- 
tions in the blood pressure and may occur when the blood pressure falls, 
rises or is unchanged. 

Action of prostigmine and of Stedman’s “meta” compound. These 
drugs exercise an anti-strychnine action in the intact animal which is 
essentially identical with that produced by means of acetylcholine. The 
minimum dose of prostigmine necessary to inhibit the convulsions is 
usually 0-5-1-0 mg.; in the case of the “meta” compound considerably 
smaller quantities, e.g. as little as 0-1 mg., may be needed. The “meta” 
compound often produces very long-lasting effects. Thus in one experi- 
ment (following the injection of 0-2 mg.) the force of the strychnine con- 
vulsions did not return to its original level until after 1 hour. The anti- 
convulsant action of these two drugs is also independent of alterations in 
blood pressure or respiration. 


Potentiation of anti-convulsant action of acetylcholine by 

means of prostigmine and “meta” compound 
As might be anticipated, the previous administration of either of these 
two anti-cholinesterase substances markedly potentiates the inhibitory 
action of subsequently injected acetylcholine on strychnine convulsions. 
Fig. 3 is representative of such results and shows how a dose of 0-03 mg. 
“‘meta” compound which in itself is without effect on the convulsions 
greatly potentiates the inhibitory action of 1 mg. acetylcholine. Succes- 
sive injections of 1 mg. doses of acetylcholine then produce progressively 
smaller effects on the convulsions, doubtless owing to the gradual destruc- 
tion of the “meta” compound in the body. The records often bring out 
the additional point that the inhibitory action of acetylcholine becomes 
progressively less marked although the excitatory background against 
which it is operating is becoming weaker, as shown by the decrease in 
the frequency of the convulsions, In some experiments, following the 
injection of the anti-cholinesterase substance, more strychnine was 
administered to raise the severity of the convulsions above the level 
observed prior to the administration of the previous (unpotentiated) dose 
of acetylcholine. Although acetylcholine was now pitted against a more 
powerful excitatory background the anti-cholinesterase substance was 
still successful in potentiating the action of acetylcholine to a sufficient 
degree to produce a far greater inhibition than that previously produced 
gro 
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Fig. 3 illustrates another point which was frequently a marked feature 

in our tracings of the anti-convulsant action of acetylcholine (especially 
} when potentiated). The recovery of the amplitude of the strychnine con- 
' vulsions is seen to follow a sigmoid curve. If one assumes that the con- 
centration of strychnine diminishes very little during the period of acetyl- 
choline action, then the amplitude (and frequency) of the convulsions is 
an index of the amount, or of the rate, of change in the concentration of 
acetylcholine in the body, especially perhaps in the blood, nervous system 


Fig. 3. Cat. Chioralose. Records from above downwards are: strychnine convulsions in 


right hindlimb, blood pressure, time in min., signal line. Inject successively : 0-5 mg. 
strychnine, 1-0 mg. acetylcholine, 0-03 mg. “meta’’ compound, 1-0, 1-0, 1-0, 1-0 mg. 


and skeletal muscles. This may throw some light on the nature of the 
interaction between acetylcholine and cholinesterase or between these 


and anti-cholinesterase also. 


Prophylactic action of acetylcholine and the anti- 
cholinesterases against strychnine convulsions 


Experiments were carried out in which the anti-convulsant drugs — 
were administered first and were later followed by the injection of large 
doses of strychnine. It was found that each of these drugs can delay, 
sometimes for very many minutes, the onset of convulsions, and when 
these finally appear they develop very gradually in intensity and are 
sometimes of low frequency. Control experiments showed that similar 
doses of strychnine in untreated animals produce convulsions after a 
brief latent period (which is often less than 30 sec.) and which are 
maximal in force and frequency almost from the onset. In Fig. 4, 0-4mg. 
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of the “meta” compound followed by another 0-2 mg. abolished weak 
strychnine convulsions previously induced and prevented for over 1 hour 


Fig. 4. Cat. Chloralose. Record of strychnine convulsions in right hindlimb to be read from 
left to right successively in A, B and C. Inject 0-4, 0-2 mg. “meta” compound, 0-4, 
0-5, 1-0 mg. strychnine. 


Fig. 5. Cat. Chloralose. Records from above downwards are: spontaneous movements of 
right hindlimb, blood pressure, time in min. Inject successively: 1-0 mg. prostigmine, 
2 mg. acetylcholine and 5 mg. atropine, 0-5 mg. strychnine. 


the production of convulsions by successive doses of 0-4, 0-5 and 1 mg. 
of strychnine. When the convulsions finally set in they developed very 
slowly and only attained their maximum after an interval of 45 min. 
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Prostigmine followed by acetylcholine exerts a similar protective action 
(Fig. 5). Control experiments were carried out in which an injection of 
tyramine and atropine was given to produce a rise of blood pressure 
identical with that taking place in Fig. 5, but this procedure had no 
protective action against strychnine. 


ANALYSIS OF MODE OF ACTION OF ANTI-CONVULSANT DRUGS 


Evidence has previously been presented that the group of drugs here 
examined have an inhibitory action on the central nervous system 
[Schweitzer & Wright, 1937 c,d]. This action might in part be re- 
sponsible for the anti-convulsant effects observed. It must be remembered, 
however, that under appropriate conditions these drugs may also depress 
peripherally the response of skeletal muscle to motor nerve stimulation 
[Rosenblueth e al. 1936; Bacq & Brown, 1937; Schweitzer & 
Wright, 1937 ¢,d]. Acetylcholine in the minimal doses required to 
exert an anti-strychnine action (e.g. 1 mg.) usually has no effect on the 
response of the quadriceps to motor nerve stimulated at low rates, e.g. 
once in 5 or 10 sec. Larger doses have a small peripheral depressing 
(“‘curariform”) action which is more marked after administration of a 
member of the anti-cholinesterase group. It is unlikely, however, that 
the response of the quadriceps muscle to motor-nerve stimulation at these 
long intervals is necessarily a guide to the peripheral effects produced by 
acetylcholine during strychnine convulsions, particularly when they are 
of high frequency, e.g. 2 per sec., and so fall within the range in which 
Bacq & Brown [1937] found peripheral depressant actions particularly 
easy to elicit. Doryl and prostigmine also have a marked and very pro- 
longed peripheral depressant action in suitable dosage. The relative im- 
portance of the central and peripheral inhibitory action of this group 
must, therefore, be carefully considered. 

(1) Eaperiments with ischemic hindlimb (spinal cord intact) 

(a) Acetylcholine. Fig. 6 is from a representative experiment in an 
eserinized animal in which the aorta had been prepared as described. 
Strychnine was injected and produced very violent convulsions at a 
frequency of over 2 per sec. On obstructing the circulation to the right 
hindlimb by clamping the aorta and inferior vena cava the force of the 
convulsive movements rapidly declined, without change in rhythm and 
on restoring the blood flow it returned rapidly to its previous level. 
A short interval was allowed for recovery to become complete; the circu- 
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lation was then again obstructed and 2-5 mg. acetylcholine was injected 
into the jugular vein. After a latent period of less than 30 sec. the fre- 
quency of the discharge was markedly reduced to about 1 in 10 or 20 sec. 
This must be due to a central inhibitory action of the drug. The force, 
however, was little diminished as presumably peripheral fatigue did not 


set in so rapidly owing to the smaller 
amount of work being done in a given 
time. On reopening the circulation the 
force of the contractions temporarily 
diminished; this may probably be 
attributed to the peripheral “curari- 
form” action of the drug. The rhythm 
and force of the convulsions finally 
returned to the pre-injection level. 

(b) Action of doryl. Experiments 
carried out along similar lines show 
that doryl exercises both a central and 
a very considerable peripheral depres- 
sant action. Thus in the experiment 
illustrated by Fig. 7 B the intravenous 
injection of 2 mg. doryl during a period 
of ischemia of the hindlimb markedly 
diminished the frequency of strychnine 
convulsions by a central inhibitory 
action. On reopening the circulation 
to the hindlimb the frequency of the 
convulsions increased (suggesting that 
the central action was wearing off), but 
the force of contraction rapidly de- 
clined and finally the com- 
pletely disappeared. This secondary 
effect is probably mainly due to doryl 
reaching the hindlimb and “blocking” 
the effect of the motor impulses to the 


Fig. 6. Cat. Chioralose. Records from 
above downwards chnine 


aorta 

“ON”. release gH At second 

2-5 acetylcholine into 
jugular 


remove clamp. 


muscles. This interpretation is supported by the observation that the 
effect of doryl on the convulsive movements in the forepart of the body 
is usually much greater than on those in the ischemic hindlimb. The 
rapid complete abolition of strychnine convulsions in the hindlimb with 
intact circulation is, therefore, due to the combined central and —" 


action. 
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In some experiments doryl in appropriate doses has abolished strych- 
nine convulsions completely in the ischemic hindlimb. 

(c) Prostigmine and “meta” compound. Similarly conducted experi- 
ments have shown that these substances also are anti-convulsant through 


Fig. 7. Cat. Chloralose. Records from above downwards are: spontaneous movements of 
right hindlimb, blood pressure, signal time, time in 30 sec. Abdominal aorta prepared 
as described in text. A. Inject 0-5 mg. strychnine. At “ON” clamp aorta and inferior 
vena cava. At “OFF” remove clamps. B. At “ON” clamp aorta and inferior vena 


cava. Then inject 2 mg. doryl into jugular vein. There is a marked decrease in 

frequency of convulsions. At “OFF” remove clamps. The convulsions increase in 

frequency but diminish in amplitude and finally disappear. 
a combined central and peripheral inhibitory action in varying propor- 
tions. 

(2) Experiments with ischemic hindlimb in animals with — 
. spinal cord cut 

The results recorded above on the ischemic hindlimb may, however, 

be interpreted in an alternative manner. The dose of anti-convulsant drug 
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employed often (as stated) abolishes the convulsions more or less com- 
pletely in the fore-part of the animal and this effect is due (partially at 
any rate) to a peripheral depressant action on the muscles, It could be 
argued that this peripheral depression 
of the muscles might tend to diminish 
the convulsions in the hindlimb even if 
no central inhibitory action were exerted 4 
by the drugs. The criticism would run 
as follows: Strychnine convulsions are 
generally regarded as the result of 
afferent impulses entering the spinal 
cord which is in a state of abnormally 
heightened excitability. Once the con- 
vulsions are reflexly produced they tend 
to be maintained because the contrac- 
tion of the affected muscles, the jarring 
of the animal and auditory and other 
stimuli which are set up tend reflexly 
to give rise to further and perhaps more 
violent convulsions. If the greater part 
of the animal is paralysed by the anti- 
convulsant drugs fewer afferent impulses 
pass to the spinal cord; as a result the 
efferent discharge along the nerves to 
the ischemic hindlimb would be de- 
pressed and the force and frequency of 
the convulsions in that part of the body 
would be diminished. 

To eliminate as far as possible this 
factor of altered “backlash” the spinal 
cord was cut in the lower thoracic region. 
The aorta was prepared in the usual way 
and the left hindlimb, as'a result of pro- 
longed ischemia, became irresponsive. 
The blood supply to the distal part of 
the cord was presumably derived from 
branches of the lower intercostal arteries. 
Its nutrition was adequate because it could continue to function as a reflex 
centre for several hours. The knee jerk was elicited at intervals of 5 sec. 
and strychnine, usually 0-1 mg. per kg., was injected into the jugular vein. 
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There is a considerable increase in the height of the knee jerk (‘‘hyper- 
reflexia””) and spontaneous, though usually mild convulsions also appear. 
The technique described prevents afferent impulses from any part of the 
body except the limb which was under observation from reaching the 
isolated part of the cord; the afferent impulses which are presumably 
responsible for the convulsions are coming almost exclusively from the 
hindlimb under observation. In a number of experiments the effect of a 
control period of ischemia was first noted, but with the small doses of 
strychnine employed there is no significant alteration in the muscular 
responses when the blood supply is cut off. In many of our later experi- 
ments we, therefore, dispensed with this preliminary control period of 
observation. 

The method finally employed was as follows. The aorta and vena cava 
were clamped and strychnine immediately injected intravenously. When 
the knee jerk was markedly increased and the convulsions were well de- 
veloped, the anti-convulsant drug was injected into the jugular vein. 
Usually in less than 30 sec. the convulsions were completely abolished 
and the exaggerated knee jerk was depressed to a variable extent. In the 
case of doryl the depression of the knee jerk usually became progressively 
more marked, With prostigmine alone or with prostigmine followed by 
acetylcholine, the knee jerk after a sharp initial decline usually remained 
at the lower level for the rest of the period of ischemia (Fig. 8). On re- 
opening the circulation to the hindlimb there was usually a further sharp 
decrease of the knee jerk, accompanied by twitching and often by con- 
tracture which varied in extent according to the drug employed (Fig. 8). 
These secondary results are doubtless due to the peripheral action of the 
drugs. In these experiments the factor of “backlash” has been satis- 
factorily controlled and it can be concluded that the results observed 
during the period of ischemia are due to & central inhibitory action of the 

(3) Experiments with isolated hind limb 

The gastrocnemius muscle was prepared as described, connected only 

by means of the sciatic nerve, femoral artery and vein with the rest of the 

body. Strychnine convulsions were produced. The blood supply to the 

muscle was completely cut off by clamping the blood vessels and an anti- 

convulsant drug was injected into the jugular vein. Marked depression 

of the convulsions resulted. In these experiments the possibility of any 

persistent collateral circulation is absolutely excluded. These results, 

therefore, fully confirm our previous conclusions as to the central in- 
hibitory action of the drugs. . 

PH. XC. 21 
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Fig. 9 represents the results of a typical experiment. (The femur in 
this case was not divided.) Fig. 9 A shows the effect of a control period of 
5 min. ischemia (produced by clamping the femoral artery and vein) on 
the convulsions of the gastrocnemius resulting from the intravenous in- 
jection of 0-5 mg. strychnine. After a short interval (Fig. 9 B) another 
0-1 mg. strychnine was given, the femoral artery and vein occluded again 
and 2 mg. doryl injected into the jugular vein. After a latent period of 


Fig. 9. Cat, 3-4kg. Chioralose. All tissues of right thigh divided (except sciatic nerve, 
femoral artery and vein and femur). Records from above downwards are: contraction 
of right gastrocnemius, blood pressure, signal line, time in 30 sec. Inject 0-5 mg. 
strychnine intravenously. A. Between “ON” and “OFF” femoral artery and vein 
clamped for 5 min. B. After 2 min. interval inject 0-1 mg. strychnine. At “ON” 
clamp femoral artery and vein and then inject into jugular vein 2 mg. doryl. Very 
marked slowing of convulsions. At “OFF” reopen circulation: convulsions decline 
rapidly and disappear finally. C and D. After intervals of 13 and 10 min. respectively. 


less than 30 sec. there is a marked decline in the frequency of the con- 
vulsions owing to a central inhibitory action of the drug. On restoring the 
circulation the force of the convulsions rapidly declined owing to the 
peripheral depressant action of doryl on the muscle. Fig. 9C and D 
taken after intervals of 13 and 10 min. respectively show the gradual 
recovery of the convulsions in force and frequency. The experiment was 
then repeated after division of the femur and the same result was 
obtained. 

A final series of experiments were carried out in the following way. 
The spinal cord was divided at the level of the tenth thoracic spine. The 
right gastrocnemius was prepared as already described and the femur 
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divided. The left leg was fixed flexed at the knee and the patellar tendon 
tapped at intervals of 5 sec. This stimulus was inadequate to produce a 
reflex contraction of the opposite gastrocnemius. Small amounts of 
strychnine were injected intravenously. With doses of 0-25-0-5 mg. the 


crossed extensor reflex was produced; 
with larger doses, e.g. 0-5-1 mg., the reflex 
contraction of gastrocnemius was further 
markedly enhanced and convulsions were 
set up also. Ischemia of the gastro- 
cnemius was produced in the usual way 
and the anti-convulsant drug injected 
into the jugular vein. Fig. 10 shows the 
result in a representative experiment of 
an intra-jugular injection of 1-0 mg. pro- 
stigmine. After a very brief latent period 
the convulsions almost completely dis- 
appeared. The heightened reflex contrac- 
tion was depressed but only transiently. 
The circulation to the muscle was then 
reopened. Marked twitching set in and 
the force of contraction of the gastro- 
cnemius rapidly declined until the reflex 
contractions almost completely dis- 
appeared. Subsequently partial recovery 
occurred. Further injections of strych- 
nine again set up fresh convulsions and 
sults were obtained with acetylcholine 
and doryl. 

In this series of experiments all the 
important complicating factors seem to 
be under control: (i) there is no possibility 
of any collateral circulation reaching the 
ischemic muscle, (ii) the “ backlash” from 


Fig. 10. Cat, 3°7 


. Chioralose. Spinal 
cut at : 


pressure, line, time in 
30 sec. At first arrow intra-jugular 
injection of 0-5 mg. strychnine pro- 


d con t 
us. At “ON” P 
artery and vein. At “P” i 
0-5 mg. jugular vein. 
Con ppear; note 
subsequent 


the forepart of the body is eliminated by spinal section, (iii) the main stream 
of afferent impulses entering the isolated distal part of the spinal cord is 
due to stimulation of the left patellar tendon which was constantly main- 
tained throughout the experiment, (iv) the “hyperreflexia” which may 
persist after the convulsions are abolished proves that there was no 


spontaneous deterioration in the state of the sciatic nerve and gastro- 
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cnemius muscle, (v) the results are obtained in animals under artificial 
respiration and independently of the direction or extent of the associated 
blood pressure changes. There can be no reasonable doubt, therefore, that 
the abolition or depression of the convulsions which occurs when this 
group of drugs is injected during a period of ischemia of the limb is due 
to a direct inhibitory action on the spinal cord. 


ACTION OF ESERINE 


We have previously shown that eserine has a dual action on the knee 
jerk which may possibly be attributed to two different components of the 
molecule: (a) it potentiates the inhibitory action on the central nervous 
system of subsequently injected acetylcholine because its urethane 
grouping exercises an inhibitory effect on cholinesterase, and (5) it has a 
strychnine-like action on the spinal cord increasing reflex excitability and 
producing convulsions. The grouping in the molecule responsible for 
action (6) is not yet known. We have previously recorded (Schweitzer 
& Wright, 1937 b] that in some experiments eserine produces an initial 
inhibition of the knee jerk which may be due to inhibition of the cholin- 
esterase and which is followed by the characteristic strychnine-like effect, 
i.e. the increase in reflex excitability. When eserine is injected, following 
the production of strychnine convulsions, we have not noticed in the small 
number of experiments that we have performed any marked change in the 
course of the convulsions, and no inhibition has, in our experience, taken 
place. But as it is an anti-cholinesterase it resembles other members of the 
group in enhancing the anti-strychnine action of subsequently injected 
acetylcholine. 


EFFECT OF CENTRAL VAGUS STIMULATION ON 
STRYCHNINE CONVULSIONS 


In view of our previous demonstration [Schweitzer & Wright, 
1937 a] that central vagus stimulation may inhibit the knee jerk owing 
to an irradiation from the medulla to the somatic centres in the lumbar 
spinal cord (cf. Schweitzer, 1937] we thought it of interest to repeat the 
experiments against a background of strychnine convulsions. Quite 
frequently we have been able to show that the convulsions can be 
diminished or even temporarily arrested by means of central vagus 
stimulation of suitable strength and duration. In the experiment illus- 
trated by Fig. 11, the knee jerk was elicited in the usual way and 0-3 mg. 
strychnine was injected. The knee jerk was markedly enhanced and con- 
vulsions also took place. Central vagus stimulation for 50 sec. abolished 
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both the convulsions and the knee jerk completely after a latent period 
of 20 sec. for about 30 sec. On cessation of stimulation the knee jerk re- 
appeared at about the pre-strychnine level with occasional feeble con- 
vulsive movements. The convulsions finally returned to their original 
level of violence some minutes after cessation of central vagus stimulation. 
These results are not due to changes in circulation or respiration. Fig. 11 


shows for instance that the inhibitory 
after-effect may persist for some minutes 
after the blood pressure has returned 
almost completely to normal. Respira- 
tory changes as a causal factor are ex- 
cluded by the fact that the animals were 
always artificially ventilated. We have 
previously presented evidence that cen- 
tral vagus inhibition of the knee jerk is 
not due to associated changes in blood 
pressure, breathing or the responsiveness 
of skeletal muscle to nerve stimulation. 
It may be concluded, therefore, that the 
inhibition of strychnine convulsions by 
central vagus stimulation is due to an 
effect on the central nervous system. In 
these experiments “irradiation” must 
take place from the medulla so as to 
affect the spinal motor neurones exten- 
sively. The “transmitter” set up in the 
central nervous system by central vagus 
stimulation can neutralize the pharma- 


cological effects of strychnine on the - 


_ spinal cord. 
We have previously discussed the 
possibility of acetylcholine being con- 


. 11. Cat. Chioralose. Records 
m above downwards are knee 
jerk, blood pressure, time in 30 sec., 
signal line. At arrow inject 0-3 mg. 
chnine; then stimulate central 


cerned with transmission processes in the central nervous system. 
With this hypothesis in mind we have carried out experiments to de- 
termine whether the anti-convulsant action of central vagus stimulation 

can be potentiated by previous injections of prostigmine or the “meta” 
compound. We have occasionally had suggestive results but on the whole 
we are not yet convinced that these anti-cholinesterase substances 
definitely intensify the inhibitory effect of central vagus stimulation on 


strychnine convulsions. 


jerk and convulsions are completely 
abolished. Subsequently first the : 
knee jerk and then the convulsions 
return. 
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Discussion 


The exact site of action of strychnine on the spinal cord has not yet 
been finally settled. According to Dusser de Barenne [1911], if 
strychnine is applied to the dorsal aspect of the cord, the main result is 
heightening of reflex responses (“‘hyper-reflexia”). If it is applied to the 
ventral aspect of the cord it is without obvious effect. When it is applied 
to both dorsal and ventral aspects of the cord “hyper-reflexia” and 
typical convulsions set in. Our experiments have shown that acetyl- 
choline, prostigmine and related substances can abolish, delay or prevent 
strychnine convulsions. A very careful analysis has proved that these 
results are due, partly at any rate, to a central inhibitory action on the 
spinal cord. The site of this central action must either be identical with 
that of strychnine or downstream to it. As the evidence shows that these 
drugs do not act on motor nerves it follows that the inhibitory effects are 
produced in the grey matter, either on the cells or at the synapses. If 
Dusser de Barenne’s views are accepted then it follows that one of the 
actions of these drugs must be to inhibit the discharge of the anterior 
horn cells. In addition they may possibly interfere with excitatory trans- 
mission between the afferent and efferent spinal neurones or depress 
internuncial neurones in the grey matter. 

It is interesting to recall that in some of our experiments the drugs 
abolished the convulsions while hardly affecting to any extent the 
accompanying “‘hyper-reflexia”. Larger doses, however, depressed the 
heightened reflex excitability also. 

The clinical observations of Kremer et al, [1937] with prostigmine 
show that sensory transmission through the spinal cord may be un- 
affected by this drug at a time when spinal reflexes are completely 
abolished. On the whole we are inclined to favour the view that the 
central anti-convulsant action described is due mainly to a depression of 
the activity of the motor neurones. 

The anti-convulsant action of the drugs in the intact animal is not due 
exclusively to a central inhibitory action. An additional factor is the 
_ peripheral depressant action of these drugs on the response of the muscle 
to nerve stimulation. This is well illustrated in Figs. 7—10. 

The anti-convulsant action of acetylcholine is potentiated by means 
of a previous injection of a member of the anti-cholinesterase group 
(including eserine). This is probably due, in the intact animal, to an 
intensification of both the central and the peripheral inhibitory actions. 

The dosage of acetylcholine and anti-cholinesterases necessary to pro- 
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duce the central inhibitory effects reported in this and previous papers is 
large compared with the minimum amounts which may act peripherally, 
e.g. on blood vessels. Dale’s researches on acetylcholine show clearly, 
however, that the threshold dose for the various peripheral effects vary 
widely among themselves. The intravenous dose necessary to produce the 
three typical peripheral actions of acetylcholine are, according to the data 
of Dale [1914], 


(1) dilator action on blood vessels, 0-000001 mg. ; 
(2) muscarine action on heart, 0-01 mg.; 
(3) nicotine action on ganglia (after atropine), 5 mg. 


The dosage required for the central inhibitory action of acetylcholine 
is of the same order of magnitude as for the nicotine action or perhaps 
somewhat greater. We know very little about the conditions which regu- 
late the penetration of drugs into the central nervous system but the 
evidence generally shows that there is often considerable hindrance to 
this process. It is possible, however, that the actual sensitivity of the 
cells of the central nervous system may be less than that of peripheral 
ganglia to the action of this and related drugs. We have shown also 
[Schweitzer & Wright, 1937 6] that the dose of adrenaline necessary 
to produce central inhibition is far greater than the minimum amount 
required to raise the blood pressure. 

The inhibition of strychnine convulsions by means of central vagus 
stimulation was to us an unexpected result. As is well known, following 
- the injection of strychnine, inhibitory reflexes are in the majority of cases 
reversed and replaced by excitatory responses [Sherrington, 1906). 
The few exceptions to this rule hitherto noted only occur when homo- 
geneous groups of fibres are believed to be stimulated, e.g. stimulation 
of the palwovermis of the cerebellum inhibiting decerebrate rigidity 
[Bremer, 1925], or stretching of a flexor muscle inhibiting the stretch 
reflex in an extensor muscle [Liddell & Sherrington, 1924]. We have, 
however, shown [Schweitzer & Wright, 1937 a] that the afferent vagal 
fibres which are capable of modifying somatic reflexes such as the knee 
jerk are probably not homogeneous but consist of an admixture of in- 
hibitory and excitatory afferents, the former predominating. It is all the 
more surprising, therefore, to find that the whole body can be reduced 
for a short period to a state of quiescence by central vagus stimulation 
even in the presence of strychnine convulsions. 

We have previously [Schweitzer & Wright, 1937 c, d] suggested 
that acetylcholine may be normally concerned with transmission pro- 
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cesses in the central nervous system. With this hypothesis in mind 
we studied the effects of previous injection of members of the anti- 
cholinesterase group on the inhibition of strychnine convulsions set 
up by central vagus stimulation. Had potentiation of the inhibitory 
effect been produced in this way with certainty and regularity, it would 
have lent impressive support to our suggestion, but we must admit that 
our results have been far too indefinite to warrant any such conclusion 
at present. It must be borne in mind, however, that the anti-convulsant 
action of central vagus stimulation doubtless involves the passage of 
nerve impulses through a number of intercalated neurones; excitatory 
transmission takes place at all the synapses except the last where in- 
hibition occurs. With such a complex reflex arc one would expect some- 
what irregular results to be obtained even if our hypothesis is finally 
found to contain some element of truth. It is advisable to repeat this 
type of experiment using simple spinal inhibitory reflexes, preferably 
those involving one synapse only, e.g. the inhibition of extensors during 
the spinal flexor reflex. 

The general results presented in this paper strongly support our pre- 
vious conclusions [1927 c, d] that acetylcholine, prostigmine and related 
substances exert a central inhibitory action on the spinal cord. Further 
investigation will be necessary to determine whether these observations 
are purely of pharmacological interest or whether they also throw light on 
normal processes of transmission of nervous impulses in the spinal cord. 


SuMMARY 


1. The effects of intravenous injection of acetylcholine, doryl and 
certain anti-cholinesterases (prostigmine, Sted man’s “meta” compound 
and eserine) on strychnine convulsions have been studied in cats under 
chloralose anzsthesia. 

2. All these “autonomic” drugs (with the exception of eserine) 
diminish, abolish or delay the onset of strychnine convulsions. Eserine 
(which itself has strychnine-like action on the spinal cord) does not in- 
fluence the convulsions. 

3. The anti-convulsant action of acetylcholine is potentiated by all 
the anti-cholinesterases including eserine. 

4. The mode of action of the anti-convulsant “autonomic” drugs has 
been carefully analysed. The depression of the convulsions is independent 
of changes in blood pressure and respiration and can be produced in the 
hindlimb or the “igplated” gastrocnemius in the spinal animal after 
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taking the most rigid precautions to prevent any of the drug reaching the 
convulsing muscles. 

5. It is concluded that the anti-convulsant “autonomic” drugs exert 
an inhibitory action on the spinal cord and probably depress the dis- 
charge of the anterior horn cells. 

6. In the intact animal these drugs also exert a peripheral depressant 
action on the responsiveness of skeletal muscle which contributes (some- 
times to an important extent) to the abolition of strychnine convulsions. 

7. Central vagus stimulation may temporarily depress or abolish 
strychnine convulsions by an irradiation from the medulla to the anterior 
horn cells of the spinal cord. 
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THE BEHAVIOUR OF CRYSTALLIZED SECRETIN 
WHEN DIGESTED WITH PROTEOLYTIC 
ENZYMES 


_ By GUNNAR AGREN anp EINAR HAMMARSTEN 


From the Department of Biochemistry at the Karolinska 
Institutet, Stockholm 


(Received 3 April 1937) 


THE preparation of crystalline secretin has already been described 
[Hammarsten ¢ al. 1928; Agren & Wilander, 1932; Hammarsten 
et al. 1933a, 6] and a full description of its properties has been given 
[Agren, 1934, 19350, b, Agren et al. 19364, b,c, 1937a, b]. The secretin 
used for the experiments described in the present paper was the chloride or 
phosphate prepared from crystalline secretin. These salts were amorphous. 

An analytical digestion of secretin with aminopolypeptidase and with 
carboxypolypeptidase seemed to us to be of special interest on account 
of the ninhydrin reaction with secretin before and after hydrolysis, its 
isoelectric point, and the fact that one amino-group can be split off by 
van Slyke determination without loss of activity. Secretin is a basic 
polypeptide, which does not give the ninhydrin reaction. It can be 
hydrolysed with pepsin or trypsin, and at higher temperatures in alkaline 
or acid solution. In consequence it is inactivated and now gives a strong 
ninhydrin reaction. As far as we know, this combination is unique, and 
we have compared the ninhydrin reaction of amino-acids with that of 
secretin in a series of concentrations, secretin not giving the slightest 
trace of colour, even in very high concentrations and after evaporation 
to dryness. The reaction is very sensitive to the hydrogen-ion concentra- 
tion and pH 6-8 is the optimum for development of colour. This was 
therefore used. After the determination of the isoelectric point, it was 
clear that secretin was an amphoteric substance and by means of 
digestion with carboxypolypeptidase we hoped to determine the nature 
of the acid group. Aminopolypeptidase was prepared according to 
Agren [1937]. The preparation was made from hog’s gastric mucosa 
in order that a trypsin-free glycerine solution might be obtained. The 
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determinations were carried out by the micro-methods of Linderstrém- 
Lang [1931]. The standardizations of the digested secretin were made 
on cats by our own method [Agren & Wilander, 1932]. Solutions of 
secretin (0-1 g. and 0-25 g. per 100 c.c. solution in different series) were 
neutralized to pH 6-8 and a glycerol concentration of 20 vol. p.c. 
maintained in all tests; 7c.mm. of the enzyme solution were added. 
The enzyme was tested with alanyl-glycyl-glycin. Activity per c.mm., 
calculated for 30 min. digestion at 40° =8-5 c.mm. N/20 HCl. 
Tests were made after 2, 4 and 6 hr. digestion. 


The following example is given as a typical experiment: 


Tastz I 
Amount of secretin =0-2 x 10~* mol. in each test or control. 
Time in hours re oe 2 4 6 
Teste in c.mm. V/20 HCl 10-2 - wi 
Controls in c.mm. V/20 HC! 7-2 60 6-0 
Difference 3-0 41 41 


made standardizations on cats showed that the activity 
was absolutely unaffected by digestion in this, as in all similar experi- 
ments. 4-1 c.mm. N/20 HCl are equivalent to the opening of ten peptide- 


The carborypolypeptidase must be free from tryptic activity. Several 
preparations were made according to Anson [1935]. They crystallized 
beautifully, but unfortunately all of them had a tryptic activity alto- 
gether too high for our purposes. In addition, this undesirable activity 
increased with time. There was, however, a possibility that the enzymes 
concerned could be separated by kataphoresis using H. Theorell’s 
analytical apparatus [1936] on account of different migration velocity 
and different isoelectric points. In all the experiments a temperature 
of 0-3° C. was used. In the first experiments the enzyme solutions and 
buffers contained 30 vol. p.c. of glycerol. It was found that no enzymes 
migrated at all. They are obviously not dissociated in this high con- 

centration of glycerol, a fact that may explain their stability in glycerol. 
We think that this discovery is interesting and affords a promising field 
for further investigation. On continuing without glycerol we found that 
carboxypolypeptidase migrated as an acid even at pH 5-6 and by using 
solutions of different pH value we could distinguish three separate 
enzyme activities. All of them were undissociated by the action of 
glycerol. Whether these enzymes are dissociated or not thus seems to be of 


no importance for their activity. 


. 
d 
4 
f 
i 5 
d 
i 


332 G. AGREN AND E. HAMMARSTEN 


The crystallizing of the carboxypolypeptidase resulted in the pre- 
parations being difficult to dissolve at low salt-concentrations. Equally 
good amorphous preparations could be obtained by precipitating from 
more concentrated solutions, and these were much more easily soluble. 
The purifying of the carboxypolypeptidase (for brevity = cp.) was carried 
out in water-buffer solutions with the addition of 0-4 g. glucose per 
100 c.c. to the enzyme solutions to counteract convection. Cp.-activity 
was determined by Linderstrém-Lang’s micromethod, the substrate 
being a 0-2 M solution of chloracetyl-tyrosine (Table II). Tryptic activity 
likewise but with a caseinogen solution for substrate (Table ITT). 


Tastz II. Kataphoresis of a solution of a cp.-preparation in aqueous buffer 
«xl? 


milli- t 
Buffer pH ampere seconds Migration v px lo 
Medinal 832 8 4-5 16,200 Anodic 0-50 2-96 
Phosphate 7:56 2-08 3-5 21,600 eo 0-55 3-02 . 
» 6-80 1-87 3-5 20,800 - 0-54 2-78 
Acetate 1-00 3-5 21,600 1-09 2-88 
Inactivation 
The ionic velocity is calculated from 


where p=the ionic velocity; v=cm. migration; «=conductivity in 
reciprocal ohms; g = cross-section in cm.?; 4 =the current in milliamperes; 
t=time in seconds. 

As will be seen from Table II, the cp. migrates as an acid even at 
pH 5-64, and with constant velocity (col. 7) over a pH range from 8-32 
to 5-64. Over the same range the tryptic activity migrated both ways, 
though mainly anodic. 


Tascez III. Kataphoresis of a solution of a cp.-preparation in aqueous buffer at pH 6-80 


t 
milliampere seconds Migration v pxloe 
187 3-5 20,800 Anodic 0-77 3-95 
1-87 3-5 20,800 Kathodic 0-25 1-28 


Thus this method of separation seemed to be impossible, The variation 
in experimental conditions is rather limited, because the carrying out of 
one related experiment necessitated about 100 digestion experiments. 

At last we succeeded in separating the enzymes by adding protamine 
(0-5 g. in 100 c.c.) to the solution. This protein migrating as a base, it 
was hoped that it would act as a carrier for trypsin, especially as the 
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protamine concentration was as high as 0-5 g. in 100c.c., whilst the 
concentration of the enzyme preparation was only about 0-002 g. in 100 c.c. 


Tastz IV. Kataphoresis of a cp.-preparation in phosphate-buffer 
wih nthe prec of prota 


«x10 milliampere Activity Migration v p x 10° 
; Anodic 0-37 1:37 
1-52 23,400 pein Kathodic 085 315 


* The value is not corrected for protamine digestion in the controls. 
Cp. kathodic migration = zero ; trypsin anodic migration = zero 
Secretin was digested with this purified carboxypolypeptidase. The 
tests were carried out in the same way as those with aminopolypeptidase. 
Amount of secretin = 0-2 x 10-? mol. in each test or 


— 
Time in hours ote as 1 3 
Tests in c.mm. HO 12-0 12-20 
Controls 12-30 12-40 
Difference -0-3 —0-2 


7 c.mm. of the enzyme solution were added to each test or control. 
Activity per c.mm. calculated sasconne digestion at 40° C. =1-44 c.mm. 
N/20 HCL. 

The standardization on cats gave hid ohas values. While the digestion 
experiments always indicated that no digestion had taken place, we 
sometimes got no pancreatic secretion. In other cases the secretion was 
good. We do not think that secretin is inactivated = cp., but the question 
must at present be left unanswered. 


Discussion. 


The results of the digestion experiments have confirmed our views 
the secretin molecule and in some degree increased our 
knowledge of it. The presence of a free «-amino-group, already proved 
by the van Slyke determination on non-hydrolysed secretin (when it 
was split off without loss in activity [Agren, 1934]), has been confirmed 
by the digestion with aminopolypeptidase. The splitting off of ten amino- 
acids without any loss in activity is remarkable, especially as this 
secretin had been crystallized three times with constant activity and 
when ultracentrifuged as a phosphate by the Svedberg was found to 
be absolutely uniform. Another important point is that secretin cannot 
be compared with the real proteins such as those occurring in Sumner’s 
urease, Northrop’s enzymes or insulin with their molecular weights 
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35,000 or more against the 5000 of secretin. Because of the negative 
ninhydrin reaction, secretin cannot contain any carboxyl-group which 
would be situated in an «-position to the free amino-group. Proline, 
which does not give the ninhydrin reaction, cannot contain a free 
carboxyl-group because carboxypolypeptidase does not digest secretin. 
That proline or its oxy-derivative is present can be ascertained from the 
fact that the van Slyke determination after hydrolysis gave the value 
54-68 p.c. mono-amino-nitrogen of the total nitrogen, whilst a Kjeldah| 
determination of the same fraction gave 59-55 p.c. As no tryptophane is 
present, this difference could be accounted for by two molecules of 
proline. Aspartic and glutamic acids are present and any one of them 
could be bound with their «-carboxyl-group, while the other acid group 
might be free and account for the amphoteric properties without the 
ninhydrin reaction being positive. In respect of the other amino-acids, 
two molecules of arginine are present, one of histidine, three of lysine 
and one each of glutamic acid and aspartic acid [Agren, 1934). 


SUMMARY 

1. Crystallized secretin is digested by aminopolypeptidase without 
any loss of activity, and ten amino acids are split off by this process. 

2. Carboxypolypeptidase of Anson is a rather strong acid and may 
be purified from tryptic activity by means of kataphoresis in the presence 
of protamine. 

3. Purified carboxypolypeptidase has no digestive action on secretin. 

4. In 30p.c. glycerol solution trypsin and carboxypolypeptidase 
behave as undissociated molecules in kataphoresis. Their dissociation is 
apparently not important for their activity. 
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FROG’S HEART POISONED BY IODOACETIC ACID 
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Tue isolated heart of the frog, poisoned by iodoacetate, continues to 
contract in the presence of oxygen for some hours, although removal of 
the oxygen at any time results in very rapid cessation of contraction. 
A concentration of iodoacetate of the order 1 in 30,000 is usually suf- 
ficient to prevent anaerobic glycogenolysis and so prevent the heart from 
contracting anaerobically more than about twenty times; with this con- 
centration the heart contracts well in the presence of oxygen, so that other 
metabolic processes must still be available; with concentrations much 
higher than this, however, iodoacetate appears to act as a more general 
enzyme poison and the heart is unable to function even in the presence 
of oxygen. In practice, therefore, the concentration of iodoacetate is 
somewhat critical. 
Given a concentration of iodoacetate which does not interfere with 
the non-carbohydrate metabolism of the heart, contraction will ulti- 
mately cease when the store of available fuel is exhausted. It should then 
be possible to restore the power of contraction by supplying material 
which the heart can oxidize. A method of study is thus available for the 
iodoacetate-poisoned heart working aerobically, exactly analogous to that 
previously used [Gaddie & Stewart, 1934] for studying the anaerobic 
metabolism of the unpoisoned heart. 
We have used this method, which indicates that the heart is able to 
oxidize a variety of substances, including lactic acid, fatty acids, and 
certain amino-acids. In addition, we have obtained further evidence 
bearing on the same points by determining the respiratory exchange and 
1 In receipt of a part-time grant from the Medical Research Council. 
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by direct analysis of the heart and perfusion fluid for the disappearance 
of metabolites, and the appearance of metabolic end-products. 


MerTHODS 


Rana esculenta Hung. were used. For testing the effect of possible 
metabolites after exhaustion of the available stores we used the method 
and apparatus previously described [Gaddie & Stewart, 1934], with 
three differences : (1) the ventricle was poisoned by the addition of sodium 
iodoacetate, 1 : 30;000, to the perfusion fluid; after 20-30 min. the fluid 
was changed, and replaced by ordinary Ringer’s fluid, a procedure which 
had been found to establish fully the effect of the iodoacetate which was 
not abolished by subsequent washing, (2) air was bubbled through the 
fluid, and (3) ordinary Ringer’s solution at pH 7-5 (approx.) was used 
instead of the buffered alkaline solution previously used, since it was not 
necessary to neutralize considerable amounts of lactic acid. Treated in 
this way the ventricles maintained aerobic activity for some 6 hours—or 
longer if lactate was added to the perfusion fluid—but were unable to © 
contract anaerobically for more than a few minutes. 

At the end of each experiment the activity of the ventricle was re- 
stored by the addition of a metabolite known to cause recovery, and the 
supply of oxygen was then stopped in order to demonstrate that the 
ventricle was actually poisoned so far as the mechanism of glycogenolysis 
was concerned. 

The methods of determining the respiratory exchange and of chemical 
analysis have also been described [Clark e al., 1931, 1933]. Lactic acid 
was estimated by the method of Stewart e al. [1934]; fatty acids and 
lipoid phosphorus by the methods of Stewart & Hendry [1935 a, 5). 

_ Control analyses were made at the same time as analyses on perfused 
hearts to avoid errors due to seasonal variations and variations due to 
length of captivity. 
RESULTS AND DISCUSSION 
Revival of the exhausted ventricle 

Glucose is quite unable to restore the power of contraction to the 
ventricle poisoned by iodoacetate and stimulated to exhaustion in air. 
This fact at once indicates that the earlier steps in the breakdown of 
glucose are common to the aerobic and anaerobic routes—a conclusion 
which is generally held but actually not definitely proved. 

It is generally believed that in the aerobic recovery phase of the muscle 
cycle, lactic acid is reconverted to glycogen at the expense of energy 
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derived from the oxidation either of part of the lactic acid itself or of an 
equivalent amount of carbohydrate. Which alternative is correct cannot 
be shown by measurement of oxygen usage, etc., and doubt has existed 
as to whether lactic acid itself is actually oxidizable. The fact that in our 
experiments lactic acid caused revival of the exhausted ventricle (Fig. 1) 
indicates that lactic acid can be oxidized, for its resynthesis to glycogen 
is prevented and is, in any case, endothermic. The oxidation of lactic 
acid is further shown by direct analysis, and has been found by 
Evans e al, [1935] to occur in the isolated mammalian heart. Since 
lactic acid is oxidizable, and since iodoacetate prevents both the aerobic 


Fig. 1. The effect of sodium lactate, sodium pyruvate, and methy! glyoxal on the isolated 
ventricle of the frog, poisoned with sodium iodoacetate and exhausted by stimulation 
in air. 


and anaerobic breakdown of carbohydrate, there is a strong suggestion 
that the energy used for the reconversion of lactic acid to glycogen is in 
fact derived from the oxidation of lactic acid itself. 

Of the kuown intermediates in the formation of lactic acid from carbo- 
hydrate, we find that pyruvic acid and methyl glyoxal are effective in 
reviving the exhausted poisoned ventricle (Fig. 1); glycerophosphoric 
acid is ineffective. Parnas et al. [1934] have found that even under 
anaerobic conditions phosphoglyceric acid allows the poisoned ventricle to 
contract. It appears from the work of Meyerhof and his collaborators 
that iodoacetic acid prevents the formation of phosphoglyceric acid and 
the reduction of pyruvic acid to lactic acid. Iodoacetic acid also prevents 
the conversion of methyl glyoxal to lactic acid [Dickens, 1933]. It there- 
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fore appears that when lactic acid is oxidized, either (a) it does not pass 
through pyruvic acid, or (b) the aerobic oxidation to pyruvic acid is not 
inhibited by iodoacetic acid as would be its anaerobic oxidation with 
triosephosphoric acid as hydrogen acceptor (i.e. the reversal of the final 
stage of anaerobic lactic acid formation). Of the two alternatives the 
latter is inherently the more probable. The conversion of lactic acid to 
pyruvic acid as the first stage in oxidation affords a ready explanation of 
the efficiency of the latter substance in reviving the exhausted poisoned 
ventricle, and also of the fact that methyl glyoxal, which should be 
readily oxidized to pyruvic acid, is equally efficient. 

Succinic and malic acids (Fig. 2) were able to prevent complete ex- 
haustion when added to the perfusion fluid at 4 time when the ventricle 


Fig. 2. Conditions as in Fig. 1. Effect of sodium succinate and sodium malate. 


was almost exhausted, but they were unable to bring about any marked 
recovery, although, as was shown by subsequent addition of lactic acid, 
the ventricle was still capable of recovery. This is a result of some in- 
terest since the formation of succinic acid and its subsequent oxidation 
via malic acid to pyruvic acid have been suggested as intermediate stages 
in the oxidation of pyruvic acid [e.g. by Toenniessen & Brinkmann, 
1930]. Now the oxidation of a substance cannot proceed more rapidly 
than the oxidation of any of the intermediate products, so that our ex- 
perimental result was unexpected. The revival of the exhausted heart 
depends on rate of production of available energy, which is not necessarily 
the same thing as rate of oxidation. In the case of succinic acid, however, 
the two should be closely related, for even though the early stages of 
their oxidation may conceivably yield little energy, the pyruvic acid 
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which ie soon, enidation and is in fact eficient in 
causing recovery of the exhausted ventricle. 


Fig. 3a. (odd number of C atoms). 


Fig. 3b. (even number of C atoms). __ 
Fig. 3. Conditions as in preceding figures. Effect of fatty acids, added as sodium salts: 
number of carbon atoms. : 


_ The amount of energy available from a reaction or series of reactions 
Tn by an earlier finding 
| 22—2 
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[Gaddie & Stewart, 1934] that a mixture of pyruvic and glycero- 
phosphoric acids, although known to be capable of forming lactic acid, 
is not very effective in reviving the unpoisoned ventricle exhausted 
anaerobically. As mentioned above, Parnas finds that phosphoglyceric 
acid revives the ventricle poisoned with iodoacetic acid and in an atmo- 
sphere of nitrogen, although in these circumstances reduction of pyruvic 
acid to lactic acid is inhibited. The explanation may be hazarded that the 
available energy of the phosphoglyceric acid is liberated largely during 
its conversion to pyruvic acid, and that the reaction: 
pyruvic acid +glycerophosphoric acid (or triosephosphoric acid) 
= lactic acid +triosephosphoric acid (or phosphoglyceric acid) 

is not strongly exothermic, 

Fig. 3 shows the results of adding various normal fatty acids to the 
perfusion fluid. We have not used acids with long carbon chains on 
account of the possible difficulties of interpretation. Propionic acid was 


Fig. 4. Conditions as in preceding figures. Effect of alanine and glutamic acids, 
added in neutral solution. 


definitely more effective than butyric acid, possibly because the former 
should readily yield lactic acid, which we have shown to be utilized 
readily, whereas the latter should yield acetoacetic acid, the further 
_ oxidation of which is difficult when carbohydrate is not being oxidized 
simultaneously. The acids containing from 5 to 10 carbon atoms are all 
able to bring about recovery, though rather less efficiently than lactic 
acid, and there is no difference in efficiency between the even carbon and 
the odd carbon series. It is thus evident that the frog’s heart muscle is 
capable of using fatty acids as a source of energy; a fact which has pre- 
viously been suggested by our determinations of the R.9., although our — 
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earlier experiments failed, by direct analysis, to demonstrate any dis- 
appearance of fat from the heart during perfusion [Clark e al. 1934]. 
Such a disappearance has, however, been reported from the mammalian 
heart [Cruickshank & McClure, 1936], and the matter is further dis- 
cussed later in this paper. 

We have previously [1932, 1934] provided evidence that the intact 
frog’s heart is able to utilize amino-acids, and, as Fig. 4 shows, this is true 
also of the ventricle poisoned by iodoacetic acid. It is curious that alanine, 
which is convertible by the usual process of deamination to pyruvic acid, 
is relatively inefficient, whereas a good recovery is given by glutamic acid 
which would be expected to yield succinic acid via ketoglutaric acid and, 
possibly, succinic semi-aldehyde. 

Methods of direct analysis 

The oxidation of lactic acid. Lactic acid added (as sodium lactate) to 
the fluid perfusing the frog’s heart under aerobic conditions disappears 
from the system, whether the heart is poisoned by iodoacetic acid or not. 
The fact that the oxygen consumption is increased when lactate is added 
indicates that the lactate undergoes oxidation. Table I gives the results of 
experiments on the effect of adding lactate to the perfusion fluid both of 
normal and poisoned hearts. 

In the normal hearts glucose was added to the perfusion fluid of the 
control series, since this series was also used for another purpose and the 
presence of glucose does not affect the carbohydrate usage from the heart 
in a 6-hour experiment. In the presence of lactate, the hearts not only 
lost no carbohydrate, but actually gained some, and the lactic acid 
equivalent of the gained carbohydrate, added to the lactic acid which 
could be oxidized by the extra oxygen used, accounts satisfactorily for 
the lactic acid found by analysis to be lost from the system. Lactic acid 
disappearing in the amount found and in the manner calculated, should 
raise the 8.9. from 0-87 to 0-90. Actually the r.g. found in the presence 
of lactate was 0-69, but was 0-84 when corrected for the observed amount 
of CO, retained. Close agreement with the expected figure of 0-90 is 
hardly to be expected in view of the relatively large errors inherent in the 
measurement of the z.Q. and of the small amounts of CO, retained in the 
perfusion fluid. 

The analytical figures from the hearts poisoned by iodoacetate are very 
surprising. In those perfused without added lactate the R.Q. is signi- 
ficantly lower than in the corresponding normal hearts—as would be 

expected from an inhibition of carbohydrate breakdown. Yet the hearts 
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have lost an amount of carbohydrate almost exactly equal to that lost 
from the normal hearts. This loss could, of course, occur if carbohydrate 
were oxidized by a route entirely distinct from that by which it is con- 
verted to lactic acid, but evidence presented earlier in this paper, as well 
as the R.Q., forbids such a supposition. A further possibility exists, how- 
ever. Even in presence of iodoacetate, glycogen can be converted as far 
as triosephosphoric acid, and since this substance (or substances) can 
diffuse from the heart into the perfusion fluid, the conversion may well! 
take place to a considerable extent and so lead to diminution in the 
amount of carbohydrate in the heart. We find, in fact, that a small 
amount of reducing substance is excreted into the perfusion fluid, and 
that this, calculated as glucose, would account for about half of the 
apparent carbohydrate loss. One cannot expect more than this indication, 
since neither the exact nature of the substances excreted nor their power 
of reducing ferricyanide is known. 

In the presence of sodium lactate the same carbohydrate loss from the 
poisoned hearts was found; there was no evidence of carbohydrate syn- 
thesis from lactic acid such as was given by the normal hearts. Lactic 
acid, however, disappeared from the system and was accounted for by 
the extra oxygen used. The conclusion that lactic acid was oxidized by the 
iodoacetate-poisoned hearts was supported by k.Q. determinations. The 
“crude” R.Q. in presence of lactate was 0-74, but after correction for the 
CO, retained in the fluid it was 0-94, whereas the corresponding R.Q. in 
the absence of lactate was 0-78. 

It was obvious, moreover, that the presence of lactate was of great 
benefit to the hearts both as regards their activity as judged by fre- 
quency and strength of contraction and as regards their survival time. 

Nitrogen metabolism. The production of urea and ammonia was 
measured, but the two were not differentiated. The hearts poisoned by 
iodoacetate produced ammonia and/or urea in rather greater amounts 
than did the unpoisoned hearts. Since, moreover, the oxygen consumption 
was decreased in the poisoned hearts, the nitrogen was sufficient, in their 
case, to account for a — greater proportion of the total metabolism 


(Table IT). 
Taste II 
Urea + ammonia N, P.c. of o 
No of exps. pat 6 hours 
Control 12 | 0-11 11-3 
(unpoisoned) 


Poisoned 10 314 
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Fat metabolism. In the hearts poisoned by iodoacetate the probability 
is that no carbohydrate is oxidized. This conclusion is supported by the 
R.Q. (0-78), and by the fact noted in the first part of this paper that such 
hearts are exhausted while still containing carbohydrate and are revived 
by adding lactate, but not by adding glucose. It is, however, weakened 
by the apparent loss of carbohydrate from the heart (Table I) though, as 
we have pointed out, part at least of this loss is probably due to leakage 
into the perfusion fluid (such a leakage does not occur with normal hearts 
perfused with the Ringer-serum mixture); moreover, there is an equal 
loss when lactate is present. 

Oxidation of protein or other nitrogenous substances, calculated from 
the nitrogen excretion, accounts only for some 30 p.c. of the oxygen used. 
It would seem that the remaining 70 p.c. should be used in the oxidation 
of fatty acids, which we have shown to be possible. This supposition is 
supported by the observed z.Q. (0-78) which, though it does not agree 
absolutely with the calculated n.9. (0.73), is at least below the z.9. of 
protein. Cruickshank & McClure[1936] have shown by direct analysis 
that the fat content of the mammalian heart is diminished during 
perfusion. 

During a 6-hour perfusion in the presence of iodoacetate the total 
oxygen consumption of the poisoned frog’s ventricle is approximately 
3-6 c.c. per g. of heart and of this 2-5 c.c. might be accounted for by oxida- 
tion of fat. This would allow the oxidation of a little over 1 mg. of fatty 
acid. The ventricles contain approximately 15 mg. of fatty acid per g., 
so that at most a diminution of only 8 p.c. is to be expected. Such an 
amount cannot be detected with certainty when one is forced to use 
separate hearts as controls. Our main hope was that the heart might use 
preferentially the fatty acid supplied to it in the perfusion fluid, for in 
that case practically the whole of the amount supplied would have to be 
used. 

In earlier experiments with unpoisoned hearts we [Clark, et al. 1934] 
failed to demonstrate any loss of fat from hearts perfused with Ringer or 
a Ringer-serum mixture. In one series with the latter type of fluid there 
was an actual gain of fatty acid, almost exactly counterbalanced by a loss 
from the perfusion fluid. This gain'in fat by the hearts did not appear in 
a second series and may have been due to experimental error, for the 
amounts involved were very small. In a more recent series (Table III) 
we have again found no loss of fatty acid from the hearts perfused with 
Ringer-seruy mixture, and the absence of change has been confirmed by 
estimations of the lipoid phosphorus. In the perfusion fluid we have again 
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Ill. A acid and phosphorus contents of ventricles and perfusion 


No. of Fatty acid Lipoid P 


(a) Ventricles: exps. mg./g. mg./g. 
Control 4 16-8 0-80 
Perfused 8 16-9 0-83 

(6) Perfusion fluids: mg./100 o.c. mg./100 o.c. 

Ringer + 10 p.c. serum 

Ringer + 20 p.c. serum 
Before perfusion 8 40 2-50 
After perfusion 30 2-47 


found a loss of fatty acid as the mean result (though in individual experi- 
ments the amount of the loss varied considerably and was nil in one or 
two cases). The amounts involved are however very small, and individual 
variations mean very little. Since, however, the tendency to decrease is 
so general we are inclined to believe in the essential reality of the change 
shown by the average result. It is noteworthy that the lipoid phosphorus 
was unchanged and that, accepting the ratio of fatty acid/lipoid phos- 
phorus as approximately 13 (the value found by Stewart & Hendry 
[1935 6]) for human serum, the amount of fatty acid left after perfusion 
is very nearly equivalent to the lipoid phosphorus. Hence only the simple 
glycerides (and any free fatty acid) has been used by the heart. The 
amount of fatty acid lost from the perfusion fluid corresponds to a usage 
of rather more than 1 mg. per g. of heart in 6 hours, and is, therefore, of 
the order required by the oxygen consumption. We are forced, however, 
to accept these results with some reserve, for the amount of fatty acid 
lost from the fluid would, if adsorbed by the hearts, raise their fat content 
to an extent hardly detectable with certainty. It is even possible (though 
experiments did not confirm it) that there was some adsorption of fat on 
the surfaces of the glass cannulz. 

We therefore consider these experiments to be suggestive, though not 
conclusive, and base our belief that fat is oxidized by the frog’s heart 
mainly on the evidence supplied by determinations of the z.Q. and by the 
effect of lower fatty acids on the exhausted ventricle poisoned by 

SuMMARY 


1. The frog’s ventricle, poisoned by iodoacetate and perfused with 
Ringer solution in air until the available metabolites are exhausted, can 
. be revived by addition to the perfusion fluid of sodium salts of lactic acid, 
pyruvic acid, fatty acids from propionic acid to decoic acid, alanine, and 
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glutaminic acid. Succinic and malic acids give a partial recovery. 
Methyl glyoxal is effective; glucose and glycerophosphoric acid are in- 
effective. 

2. Lactic acid is readily oxidized by the frog’s heart, even when it is 
poisoned by iodoacetate. 

3. Ammonia and/or urea formation is as rapid in the poisoned heart 
as in the normal, and if derived from oxidized amino-acids accounts for 


30 p.c. of the oxygen usage. 

4. Indirect evidence, including r.Q. determination, suggests that fat is 
utilized by the heart poisoned by iodoacetate and perfused erobically, 
and direct analyses tend to support this suggestion—though they must 
be accepted with caution, in part because the amounts involved are too 
small for accurate estimation. 


_ The expenses of this work were partly defrayed by grants from the Moray Research 
Fund of this University, hereby gratefully acknowledged. 
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A CONTRIBUTION TO THE STUDY 
OF CILIARY MOVEMENT 


By A. E. BARCLAY, K. J. FRANKLIN 
anp R. G. MACBETH 


From the Nuffield Institute for Medical Research, Oxford 
(Received 30 April 1937) 


In a chance experiment, during studies of dust excretion, we observed 
a tendency of the tracheal cilia of the cat to carry foreign bodies spirally 
upwards to the larynx; the direction of the spiral was clockwise, viewed 
from the oral end of the trachea. The matter seemed worthy of further 
investigation. We also wished for information as to the direction of 
movement of the cilia where smaller bronchi unite into larger ones, or 
the main bronchi into the trachea. 


METHODS 


We attempted first the solution of the second problem. The specimens 
used were taken from a slaughterhouse sheep and from a dog shot with 
the humane killer. They were warmed before use in Ringer’s solution at 
body temperature, and the ciliary movement was tested by observing 
the carriage of indian ink, placed upon the epithelial surface. 

The direction of movement in the trachea was also studied by 
observations of the passage of indian ink. It was an incidental sequel 
to the study of the movement at the bifurcation in the dog’s lungs, and is 
was also specially studied in the respiratory tracts of three cats. | 

Whereas the sheep and dog’s lungs had of necessity to be cut in order 
to expose the surfaces of union of bronchi, the trachesw and lungs of the 
cats were removed as entities and remained intact during the experiments. 
Except for the terminal portions of trachea, they were kept immersed 
in Ringer’s solution at body temperature, once the indian ink had been 
injected with a hypodermic syringe and fine needle into the left bronchus. 
The passage of the ink was not only visible inside the trachex, but could 
also be followed, and that with greater precision, from the outside. 

A more normal experiment than could be provided by injection of 
indian ink was fortunately made possible in a fourth cat, for some fine 
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particles of soot were being carried up with the mucus in its trachea in 
the natural course of excretion. 

The advantage of using whole lungs and traches, as in the cases of 
these cats, is that one does not damage the continuous blanket of mucus 
described by Proetz [1934]; in the fourth cat we could see the mucus 
being extruded, as a result of ciliary action, all round the cut end of 
the trachea. 

RESULTS 


In the sheep’s lung, ink placed on the surface of one bronchus not 
far from the tracheal bifurcation was carried to either side at the 
bifurcation without invading the actual edge of the junction. A similar 
process occurred at the junction of two smaller bronchi; in this case, 
while the ink was moving, a shimmering was visible through a lens at 
a point on the epithelium that reflected the light. The shimmering ceased 
with the cessation of the movement of the ink, and was doubtless due to 

In the dog’s lung, the movement of cilia at the bifurcation was 
studied after successive and simultaneous deposition of ink on the 
adjacent surfaces of the two main bronchi. The streams in each bronchus 
divided at the bifurcation, as in the sheep, and passed to right and left 
to gain the trachea. 

Here, on opposite sides, the twin pairs of streams from the two 
bronchi passed upwards, the individual components of the pairs remaining 
very close together but not actually mingling. They moved spirally, in 
one case turning through 180° in 4-4 cm.; the direction of rotation was 
clockwise, viewed from above. 

There was a similar drift in the cats’ trachew, though it varied in 
amount with the individual. In the first cat it was 135° in 5-7 om., in 
the second 180° in 8 om., in the third 450° in 7 cm. In the fourth cat 
no measurement was made, as the track of the soot particles was not 
sufficiently clear from the outside. The direction of rotation in all the 
cats was as in the dog. 

SUMMARY 

1. At the junction of bronchi, the movement of cilia is such that 
mucus will be directed to either side. 

2. In the trachea, the movement of cilia is such that mucus moves 
—_ upwards. The direction of rotation is clockwise, viewed from 
above. 
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THE SOURCE IN BLOOD OF THE 
HISTAMINE-LIKE CONSTITUENT 


By ©. F. CODE?! 
The National Institute for Medical Research, Hampstead, London 
(Recewed 1 May 1937) 


RECENTLY, a number of investigations has been made on the presence . 
of the substance, acting like histamine, which can be extracted from 
mammalian blood. Some observations have appeared on the distribution 
of this substance between cells and plasma. In the original publication 
of Barsoum & Gaddum [1935a] it is reported that, in one experiment 
using citrated rabbit’s blood, the histamine equivalent of the cells was 
about six times that of the plasma. In their experiments the whole 
blood histamine equivalent was not affected by clotting or shaking. 

Anrep & Barsoum [1935a], in their investigation of the distribution 
of histamine between plasma and red blood cells, found the cor- 
puscle/plasma histamine ratio in rabbit’s blood to be well above 10: 1, 
and sometimes as high as 18:1. In dog’s blood which was defibrinated, 
citrated, or to which chlorazol fast pink had been added, the ratio was 
of the order of 1 : 1. 

In a recent publication, Barsoum & Smirk [19364] have expressed 
the histamine equivalent value of blood in terms of histamine yielding 
substance (H.¥.8.). They have studied the distribution of #.y.s. between 
the plasma and red cells of normal subjects and heart-failure patients. 
Their most satisfactory results were obtained when no anticoagulant 
was used. The percentage distribution of u.y.s. in whole blood was not 
calculated, results being given as y histamine per c.c. plasma or red cells. 
In normal blood, with one exception, the concentration of H.Y.s. was 
about 16-40 times higher in red cells than in plasma. An increase in 
the concentration of u.y.s. in the whole blood of heart-failure patients 
was demonstrated. This was found to be due exclusively to an increased 
concentration of #.Y.8. in the red cells. 

1 Mayo Foundation Fellow, Rochester, Min. U.S.A. and Bayliss-Starling Scholar, 
University College, London. 
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Barsoum & Smirk [19366] have also studied the concentration of 
H.Y.8. in the plasma and red cells of venous blood from the arms of 
human subjects, under normal conditions and during a state of reactive 
hyperemia. Under normal conditions, in this series of experiments, 
1 c.c. of corpuscles was approximately 10-60 times richer in H.Y.s. than 
1 c.c. of corresponding plasma. 

The above studies of the distribution of histamine-like activity 
between plasma and corpuscles all point to the conclusion that the major 
portion of the activity is associated with the corpuscles, or more 
specifically with the red blood cells. The present investigation was under- 
taken to determine the effect of clotting upon the distribution of the 
histamine-like substance and to study more precisely the origin of this 
active constituent. 

METHODS 


Histamine estimations have been carried out by a modification 
[Code, 1937] of the original Barsoum-Gaddum [1935a] process. 
Trichloroacetic acid extracts were prepared from whole blood and from 
the serum or plasma and cellular components of centrifuged blood. 
Samples of 5 c.c. have been used for extraction as a routine. It was found 
that with 5 c.c. samples, sufficient acid is removed following the boiling 
period by drying three times in the presence of 10 c.c. absolute alcohol. 
The histamine equivalent of the extracts was estimated on the guinea-pig 
ileum immersed in Tyrode’s solution containing atropine (1 : 10-*), test 
and standard solutions being added to the bath by micrometer syringes 
calibrated to 0-0001 c.c. The determinations on the intestine were, at 
times, checked by an additional assay using the blood pressure of the 
etherized, atropinized cat. All extracts were determined as quantitatively 
equivalent to histamine base. When possible, results are expressed as 
y histamine equivalent per c.c. original sample. 

_ During this investigation low histamine equivalents have been 
encountered, and for this reason it has been necessary to determine the 
lowest limit of satisfactory assay for extracts prepared by the modified 
method. When extracts contain little of the active substance, relatively 
large quantities must be added to the intestine in order to titrate the 
histamine equivalent. The pH of the extract can be accurately matched 
with that of Tyrode’s solution. It is possible however, that slight 
differences in molar concentration and ionic constituents between the 
extract and Tyrode’s solution could, upon addition of large quantities of 
the extract, produce effects unjustifiably attributed to histamine. It 
seems probable that a combination of such factors seldom results in a 
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histamine equivalent greater than 0-Oly/c.c. The largest quantity of 
extract added as a routine to the 2-5-3 .0.c. Tyrode’s solution bathing 
the intestine was 0-4.c.c. When the contraction in response to such a 
volume of extract is equal to that produced by 0-04 c.c. of the standard 
solution (1 : 10-7 histamine), the histamine equivalent of the sample is 
0-Oly/c.c. This quantity may be estimated (Fig. 1A), By reducing the 
standard dose, activity equivalent to 0-005y/c.c. has been detected, but 
the estimation was very approximate (Fig. 1B). A safe maximum 
quantity of the extract to be added to the intestine is, apparently, 
0-4¢.c. Not infiequently, when 0-04 standard produced a typical 
histamine contraction, 0-4 c.c. extract had no effect upon the intestine 
(Fig. 1C). Irregular responses, and the appearance of activity in one only 
of the duplicate extracts, did at times occur, but the histamine equivalent 
of such extracts was always less than 0-01-y/c.0.--Blank extracts prepared 
from 5 c.c. samples of Tyrode or distilled water, containing no histamine, 
did occasionally, in volumes of 0-4 ¢.c., produce a slight contraction of 
the intestine, but never sufficient to correspond to a histamine equivalent 
of 0-005y/c.c. (Fig. 1D). In this investigation it did not seem justifiable, 
despite their doubtful significance, to disregard values between 0-01 and 
0-005y/c.c. They indicate the possible presence of histamine-like activity, 
and have therefore been included in the data. All extracts with a 
histamine equivalent below 0-005y/c.c. have been regarded as subliminal 
in activity, and are recorded as 0-000y/c.c. No extract has been thus 
recorded unless the intestine was, at the time, sufficiently sensitive to 
respond typically to 0-04 c.c. 1: 10 million standard. 


Fig. 1. Graphic records of contractions of a portion of guinea-pig ileum in response to 
additions of extracts and standard histamine solution. The intestine was suspended 
in 2-6-3 c.c, Tyrode’s solution containing atropine sulphate (1 x 10-*). The records 


has been regarded as a zero histamine equivalent. Doses in c.c. extract (Zz.) and | in 
10 million standard histamine base solution (St.) are indicated below the contractions. 

A. Histamine equivalent of 0-0ly/c.c. extract. Contraction to 0-4 0.c. extract 
equals that to 0-04 c.c. standard. This quantity may be satisfactorily estimated. 

B, Approximate estimation of 0-007y/c.c. extract. Contraction to 0-4 0.0. extract 
judged equal to 0-028 c.c. standard. 

C. Inactive extracts, In C1 0-040.c. standard caused a marked contraction 
while 0-4 0.c. extract produced no response. In C2 the intestine was sufficiently 
sensitive to respond briskly to 0-02 o.c. standard and 0-4 c.c. extract had no effect 
upon the intestine. 

D. Blank extract prepared by passing Tyrode’s solution through the extraction 


process. 0-4 ¢.c, extract produced @ response smaller than the contraction to 0-02 c.c. 


: show the smallest quantities of histamine-like substance which may be satisfactorily 
estimated in extracts prepared by the modified method and the type of response which je 
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Rabbit’s blood was chosen for the initial experiments of this investi- 
gation because of its high histamine equivalent. Results obtained on the 
blood of this animal were then controlled by tests on blood from other 
species. In the majority of experiments, arterial blood drawn under 
ether anwsthesia was used. In cases where blood was withdrawn by 
venous puncture without anesthesia, care was taken to prevent con- 
gestion and muscular contraction of the part. 

An effort has been made throughout this study to maintain the blood 
in a normal condition. The use of anticoagulants has been avoided where 
possible. Results obtained with blood containing an anticoagulant are 
referred to specifically. To enable samples for extraction to be taken 
before clotting occurred the following procedure was adopted. Blood 
was drawn off through paraffined cannul or oiled needles directly into 
paraffined tubes standing in ice. Whole blood samples were taken, and 
the remainder centrifuged for 5-7 min., at rates varying from 3000 to 
10,000 rev./min. Samples in which separation of the cellular elements 
and fluid portions of blood was incomplete were either recentrifuged or 
discarded. The procedure was carried out rapidly, and it was usually 
possible to obtain samples before clotting commenced. Signs of partial 
clotting, such as the presence of shreds of fibrin in the plasma and small 
clots in the red cell deposit, were always searched for. 

Measurements of relative volumes of cells and plasma were made for 
the purpose of calculating the distribution of the histamine-like activity 
in a given quantity of whole blood. The level of the blood in the centrifuge 
tubes was marked and, after centrifuging, the total volume and the 
volume occupied by cells and plasma was measured. A volume of 10 c.c. 
whole blood has been chosen as a convenient unit for the expression of 
results. The quantities of histamine-like substance contained in the 
plasma and red cells of 10 c.c. blood were calculated from the respective 
1 c.c. equivalents and the hematocrit determinations. When white blood 
cell and platelet mixtures were collected, the histamine equivalent of 
the entire collection was determined. The collection was made from a 
known volume of whole blood, and from this was calculated the 
histamine-like activity associated with the white blood cells and platelets 
of 10 c.c, of blood. By adding together the histamine equivalents of the 
component parts of the blood, a calculated histamine equivalent for 
10 c.c. whole blood was obtained. Comparison of this calculated value 
with that obtained by estimation of uncentrifuged blood, provided 
a useful check of the accuracy of the estimations and gave additional 
information on the source of this histamine-like activity. 
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In all but a few experiments, duplicate extracts of each blood sample 

were separately prepared and assayed for histamine. In most cases the 
average of the two estimates is reported. The experimental error of the 
method has not been statistically computed. A number of duplicate 
estimations, selected at random, are included in the tables, These, with 
the recoveries of the histamine-like substance as indicated by comparison 
of the caloulated and estimated whole blood values, show that the 


method was sufficiently accurate for the present purpose. 


RESULTS 
Clotted blood 


Rabbit’s blood was used for these experiments. Extracts were pre- 
pared from blood defibrinated by whipping and from blood which had 
been allowed to clot without agitation. The later procedure was used to 
avoid the hemolysis which whipping generally produces. The blood was 
allowed to clot at room temperature, centrifuged, and the clear serum 
withdrawn, and samples of red cells were obtained by squeezing the 
clot in fine gauze, or by extraction of the clot in toto. The results obtained 
from blood treated in this way were essentially the same as those from 
defibrinated blood. 

(a) The distribution of the histamine-like substance in clotted blood. 
Four experiments were performed. In two of these, histamine equivalents 
determined by the guinea-pig intestine were checked by estimation on 
the cat’s blood pressure. The serum was found to contain 69-90 p.c. of 
the whole blood activity (Table I). In the first two experiments, the 
agreement between the calculated whole blood histamine equivalent and 
the estimated value was satisfactory (Table I). In the second two 
experiments, wide differences occurred between these two values which 
were apparently due to some of the activity remaining in association 
with the unextracted clot. The histamine equivalent of the whole blood 
in Exp. 1 (Table I) is the lowest value yet obtained for rabbit’s blood. 
Estimates made by the cat’s blood pressure are generally higher than 
those obtained by the guinea-pig ileum. In these experiments small but 
significant differences in activity could not be accurately estimated by 
the cat’s blood pressure. The results obtained by the two methods of 
estimation are, however, of the same order, and show that in clotted 
blood most of the histamine-like substance is in the serum. 

(6) Comparison of the histamine equivalent of serum and plasma. 
Plasma from blood to which no anticoagulant had been added contained 
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Taste I. The distribution of the histamine-like constituent in clotted rabbit blood 
Guinea-pig intestine Cat’s blood 


A 


y histamine y histamine 
distribution P.c. dis- distribution P.c. dis- 
yhistamine in l0c.c. tribution inl0c.c. tribution 


Sample per ¢.c. blood 
ad 0-63 414 69 3-55 67 
Red cells 0-54 1:89 31 1-75 33 
Calculated whole blood 6-03 5-30 
Estimated whole blood 5-88 6-25 
” ” 6-33 6-25 
2 Serum 3-07 
ol 2-76 21-68 90 29-80 87 
2-39 10 4-36 13 
Calculated whole blood 34-16 
Estimated whole blood 25-00 31-2 
” 26-66 33-3 
2-22 13-17 87 
0-53 1-92 13 
Calculated whole blood 15-09 
Estimated whole blood 25-00 
” ” 25-00 
Red cells 0-57 1-78 12 —_— — 
Calculated whole blood 15-15 
Estimated whole blood 21-53 
20-00 


of the method. The y histamine distribution in 10 c.c. blood is from the mean, 


whole blood histamine value is obtained by adding the histamine equivalents of ‘the 
The ealcdlated and estimated whol equivalents 


little of the histamine-like substance, while the serum from the corre- 
sponding blood was rich in histamine-like activity. For example, the 
plasma of a sample of blood yielded a histamine equivalent of 0-22+/c.c., 
while the value for the serum from the same blood was 2-08y/c.c. This 
finding suggested either that clotting of whole blood liberated the 
histamine-like substance from the cells so that it diffused into the serum, 
or that clot formation in plasma alone resulted in the formation of the 
active substance. To decide this point the effect of clotting on the 
histamine equivalent of plasma was investigated. 


23—2 


q 
| 
out on the blood of a different animal. 2 


volumes were easier to work with and less likely to give rise to errors. 
Without disturbing the cells, most of the plasma was withdrawn. 
A pipette with a tip about 2 mm. in internal diameter was then used to 
skim off the layer of white cells and platelets. The white cells and 
platelets tend to cling together in a sheet. By commencing at one edge, 
and guiding the pipette across the surface of the layer, all but a few 
particles which cling to the tube may be pipetted at one operation. Some 
mixing with red cells and the remaining plasma invariably took place. 
It was generally possible to remove the white cell layer of 50-100 c.c. 
blood in less than 3 c.c. The quantity of plasma and red cells contaminating 
a 3 c.c. white cell layer collection was, in terms of histamine-like substance, 
negligible. In this series of experiments the most important detail was 
to collect the white cell layer as completely as possible. Because of the 
inaccuracy of measuring the volume of the white cell layer collected, no 
effort was made to express the histamine equivalent per c.c. white cell 
layer. The histamine equivalent of the white cell layer from a known 
volume of blood was therefore estimated and the value for the white 
cells of 10c.c. of whole blood calculated. As in earlier experiments, 
caleulated and estimated histamine equivalents for 10 c.c. blood were 


The results of this investigation have been repeatedly confirmed. The 
first two experiments of the series illustrate the consistent findings 
(Table IV). Approximately 90 p.c. of the histamine-like substance, 
extractable from whole blood, was associated with the white cells and 
platelets, The white cell layer is, in normal rabbit’s blood, the source of 
the histamine-like constituent. 


Taste IV. The distribution of the histamine-like constituent in unclotted rabbit blood 


Exp. Sample per c.c. in 10 ¢.¢. blood _ histamine 
34 Plasma 0-304 1-98 8-8 
Red cells 0-116 0-41 1-8 
White cell layer — 20-00 89-4 
Calculated whole blood 22-39 
Estimated whole blood 21-13 
39 Plasma 0-034 0-23 . +216 
Red cells 0-037 0-12 0-8 
White cell layer — 14-12 97-6 
Calculated whole blood 14-47 
_ Estimated whole blood 15-00 
| _ Explanatory note, see Table I. The histamine equivalent of the white cell layer from 
a known volume of blood was estimated and the for the white call layer of 10 o.¢. 
blood 0 anticoagulant used. 
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7 The effect of partial clotting. In those experinients in which the 

| handling of blood samples was delayed partial clotting frequently 

| oovurred. ‘Strands of fibrin through the plasms or small clots in the red 

gel mass were associated with marked changes in the distribution of the 

| histamine-like substance. The white cell layer lost the histamine-like 
| activity, and it appeared approximately quantitatively in the serum. 

| The effect of potassium oxalate and heparin. Blood (35-50 c.c.) was 

bled directly from the rabbit into a paraffined, cooled centrifuged tube 

containing 2 or 3 c.c. 10 p.c. potassium oxalate. Although no clotting 

| occurred, the distribution of the histamine-like substance, as compared 

with normal uncoagulated blood, was altered (Table V). When 50 min. 


Tasiz V. The distribution of the histamine-like constituent in oxalated 
and heparinized rabbit blood 


35 Oxalate Plasma 2-666 17-33 69-5 
Red cells 0-364 1-27 5-1 
White cell layer — 6-34 26-4 
Calculated whole blood 94 
Estimated whole blood 25-00 
47 A. Oxalate Plasma 0-333 2-39 ll-l 
0-941 2-63 12-2 
White cell layer — 16-46 76-7 
Calculated whole blood 21-48 
Estimated whole blood 16-84 
B. Heparin 0-21 10 
Red cells 0-176 2-4 
White cell layer — 19-76 96-6 
Calculated whole blood 20-46 
Estimated whole blood 23-88 
C. None Estimated whole blood 23-19 
57 Heparin Plasma 0-087 0-56 3-9 
Red cells 0-004 0-33 2-3 
White cell layer 13-42 
Calculated whole blood 14-31 
Estimated whole blood 15°87 
Rxplenstory note, sce Tables sad V. 
35. 20c.c. 10 p.c. potassium oxalate in 350.c. blood. Samples taken 50 min. 
| Exp. 47. . A, 3.0.0. 10 pao. pot potassium oxalate in 37 c.c. blood. B, 0-1 c.c. 1 p.c. sterile 


heparin in 37 ples taken 15 min. after bleeding. 
0-4 0.0. were heparin in blood. Samples taken 15 min. after 


elapsed between the time of bleeding and the removal of samples for 
extraction, 69 p.c. of the histamine-like substance was found in the 


| distribution P.c. dis- | 
y histamine in 10¢c.c. tribution 
| Exp. Anti-coagulant Sample per ©.c. blood histamine 
| 
| 
| 
| 
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(c) The histamine equivalent of plasma before and after clotting. Plasma 
of blood to which no anticoagulant had been added was withdrawn and 
divided into two samples. Trichloroacetic acid was immediately added 
to one sample and the other allowed to clot at room temperature before 
the addition of acid. One example will serve to illustrate the results. 
The histamine equivalent of unclotted plasma was 0-22y/c.c. and that 
of the same plasma allowed to clot 0-23y/c.c. Allowing plasma to clot 
out of contact with the cellular components of blood did not alter its 
histamine equivalent. 

(d) The histamine equivalent of clotted and unclotted whole blood. In 
their original experiments, Barsoum & Gaddum [1935a] found that 
the whole blood histamine equivalent was not affected by clotting. We 
have confirmed their observation. Defibrination of blood may slightly 
lower the histamine equivalent, presumably, by removal of some of the 
active substance with the clot (see Table I, Exps. 3 and 4). 

In the above experiments, clotting did not appreciably alter the 
histamine equivalent of whole blood. The distribution of the activity was, 
however, changed by clot formation. Serum contained most of the 
histamine-like substance of whole blood, while plasma from the same 
blood showed little activity. Clotting of plasma separated from the 
cellular elements of blood did not increase its histamine equivalent. The 
histamine-like substance was, apparently, being liberated from the 
formed elements of the blood into the serum. The next step in this 
investigation was to determine the source, in unclotted blood, of this 
active substance. 


The eowece of the constituent 
(1) Rabbit's blood, 


The plasma and red blood cells. 30-50 c.c. of blood were centrifuged 
in cooled paraffined tubes. Samples of 5 c.c. were taken from the mid 
region of the plasma layer. Samples of red cells, as free as possible from 
white blood corpuscles and platelets, were taken by plunging the point 
of a 5 c.c, pipette to the depths of the red cell mass. 

The results of this type of investigation were uniform and are 
illustrated by Exps. 29 and 32 (Table II). Plasma and red cell histamine 
equivalents were consistently low. When the quantities of histamine-like 
substance estimated to be present in the plasma and red cells of 10 o.c. 


blood were added together only 10-12 p.c. of the whole blood activity 
had been recovered. 
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Taste II. The histamine-like constituent in plasma and red cells of rabbit blood 


y histamine 
y histamine distribution 
Exp. Sample per 0.0. in 10 o.c. blood 
29 Plasma 0-356 2-289 
Red cella 0-108 0-385 
Calculated whole blood 2-674 
Estimated whole blood 21-153 
” ” 20-000 
Histamine recovered, 12 p.c. 
32 Plasma 0-364 2-548 
Red cells 0-440 1-320 
Calculated whole blood 3-868 
Estimated whole blood 40-000 
” 40-000 
Histamine recovered, 10 p.c. 


Explanatory note, see Table I. No an t used. Histamine recovered p.c. is 
determined from the 10 c.c. calculated whole equivalent and the quantity of histamine 
estimated to be present in 10 c.c. whole blood. 


The method of sampling the plasma and red cells was checked to 
determine whether any histamine-like activity was being overlooked in 
these portions of blood. Two tubes, each containing 40 c.c. of blood from 
the same rabbit, were centrifuged. Samples of 5¢.c. were withdrawn 
from the upper and lower halves of the plasma layer and red cell mass. 
Histamine equivalent values of these showed only slight variations, with 
a tendency to increase as the interzone between plasma and red cells 
was approached (Table III). The only portion of the centrifuged blood 


Taswz III. The histamine equivalent of plasma and red cells sampled 
from different levels in the centrifuge tube 


y histamine 

Tube Sample per c.c, 
1 U plasma 0-304 
plasma 0-329 

Upper red cells 0-233 * 

2 Upper plasma 0-304 
Lower plasma 0-359 
0-364 
Mid red cells 0-133 
Lower red cells 0-100 


Blood from a single rabbit with no anticoagulant added. 


which was not being included in these samples, was the layer which 
separates out between the plasma and red cells and contains the white 
blood cells and platelets (“white cell layer”). 

The plasma, the red cells and the white cell layer. Samples of the white 
cells and platelets were obtained by the following technique. The blood 
(50-10 c.c.) was centrifuged in paraffined, cooled, tubes. The larger 
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volumes were easier to work with and less likely to give rise to errors. 
Without disturbing the cells, most of the plasma was withdrawn. 
A pipette with a tip about 2 mm. in internal diameter was then used to 
skim off the layer of white cells and platelets. The white cells and 
platelets tend to cling together in a sheet. By commencing at one edge, 

and guiding the pipette across the surface of the layer, all but a few 
particles which cling to the tube may be pipetted at one operation. Some 
mixing with red cells and the remaining plasma invariably took place. 
It was generally possible to remove the white cell layer of 50-100 c.c. 
blood in less than 3 c.c. The quantity of plasma and red cells contaminating 
a 3 c.c, white cell layer collection was, in terms of histamine-like substance, 
negligible. In this series of experiments the most important: detail was 
to collect the white cell layer as completely as possible. Because of the 
inaccuracy of measuring the volume of the white cell layer collected, no 
effort was made to express the histamine equivalent per c.c. white cell 
layer. The histamine equivalent of the white cell layer from a known 
volume of blood was therefore estimated and the value for the white 
cells of 10c.c. of whole blood calculated. As in earlier experiments, 
caleulated and estimated histamine equivalents for 10 c.c. blood were 
compared. 

The results of this investigation have been repeatedly confirmed. The 
first two experiments of the series illustrate the consistent findings 
(Table IV). Approximately 90p.c. of the histamine-like substance, | 
extractable from whole blood, was associated with the white cells and 
platelets, The white cell layer is, in normal rabbit’s blood, the source of 
the histamine-like constituent. 


Taste IV. The distribution of the histamine-like constituent in unclotted rabbit blood 
y hi P.c, dis- 
y histamine distribution tribution 
Exp, Sample per c.c. in 10 c.c. blood _ histamine 
34 Plasma 0-304 1-98 8-8 
Red cells 0-116 0-41 1-8 
White cell layer ~— 20-00 89-4 
Calculated whole blood 22-39 
Estimated whole blood 21-13 
39 Plasma 0-034 0-23 16 
Red cells 0-037 0-12 0-8 
White cell layer — 14-12 97-6 
Calculated whole blood 14-47 
Estimated whole blood 15-00 


Explanatory note, see Table I. The histamine layer | 
a known volume of blood was estimated and tke yer of 10 c.c. 
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The effect of partial clotting. In those experinients in which the 
handling of blood samples was delayed partial clotting frequently 
occurred. Strands of fibrin through the plasma or small clots in the red 
cell mass were associated with marked changes in the distribution of the 
histamine-like substance. The white cell layer lost the histamine-like 
activity, and it appeared approximately quantitatively in the serum. 

The effect of potassium oxalate and heparin. Blood (35-50 c.c.) was 
bled directly from the rabbit into a paraffined, cooled centrifuged tube 
t | containing 2 or 3 ¢.0. 10 p.c. potassium oxalate. Although no clotting 

occurred, the distribution of the histamine-like substance, as compared 
with normal uncoagulated blood, was altered (Table V). When 50 min. 


Taste V. The distribution of the histamine-like constituent in oxalated 
and heparinized rabbit blood 


» 
distribution P.c. dis- 
y histamine in 10¢.c. tribution 

blood _ histamine 


Exp. Anti-coagulant Sample per 
35 Oxalate Plasma 2-666 17-33 69-5 
Red cells 0-364 1-27 5-1 
White cell layer os 6-34 26-4 
Calculated whole blood 24-94 
Estimated whole blood 25-00 
47 A. Oxalate Plasma 0-333 2-39 lhl 
Red cells 0-941 2-63 12-2 
White cell layer = 16-46 76-7 
| Calculated whole blood 21-48 
Estimated whole blood 16-84 
B. Heparin Plasma 0-21 10 
Red cells 0-176 2-4 
White cell layer 19-76 
Calculated whole blood 20-46 
Estimated whole blood 23-88 
C. None Estimated whole blood 23-19 
57 Heparin Plasma 0-087 0-56 9 
Red cells 0-094 0-33 2-3 
White cell layer — 13-42 
: Calculated whole blood 14-31 
Estimated whole blood 15-87 
note, see Tables I and V. 
aba 36. Boe 10 p.c. potassium oxalate in 35.0.0. blood. Samples taken 50 min. 
A, 3 0.0. potassium oxalate in 37 ¢.c. blood. B, 0-1 c.c. 1 p.c. sterile 


| 
heparin in taken 15 min. after bleeding. 


| elapsed between the time of bleeding and the removal of samples for 
extraction, 69 p.c. of the histamine-like substance was found in the 
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plasma (Exp, 35, Table V). Shortening the interval between the bleeding 
and removal of samples gave a more normal distribution (Exp. 42, 
Table V), but a distribution similar to that of normal blood was not 
obtained by the use of potassium oxalate in rabbit’s blood. Not only 
was the distribution of the histamine-like substance altered, but the total 
activity extractable from the whole blood was lowered by the presence 
of potassium oxalate. 

The use of 1 p.c. sterile heparin (Vitrum, Stockholm) solution gave 
consistently satisfactory results, In all experiments 0-1-0-2 c.c. of this 
solution per 50 c.c. blood in paraffined, cooled centrifuged tubes, pre- 
vented clotting and maintained the normal distribution of the histamine- 
like substance (Exps. 47 and 57, Table V). Small quantities of the 
heparin solution added directly to the intestinal bath had no effect upon 
the guinea-pig ileum. When relatively large quantities of the heparin 
solution were put through the extraction process slight activity appeared. 
The maximum equivalent for 0-2 c.c. of the 1 p.c. heparin solution was 
0-13y histamine. Since 0-2 c.c. heparin was diluted with 50 c.c. or more 
of blood, the histamine-like activity imparted to 1 c.c. blood is 0-002y. 
No correction was made for this small additional activity. 

The results of this series of experiments clearly indicate that, in 
unclotted rabbit’s blood, the histamine-like activity is almost entirely 
confined to the white cell layer. Even partial clotting of the blood 
liberates some of the active substance into the serum. Small quantities 
of heparin added to blood maintain what is evidently the normal 
distribution of the activity. 


(2) Horse blood, 


With horse blood potassium oxalate was found to be a suitable anti- 
coagulant. Blood was taken directly into a graduated cylinder containing 
10 p.c. potassium oxalate in a sufficient quantity to give a final con- 
centration of 0-1-0-16 p.c. potassium oxalate. After removal from the 
body, the red cells of horse blood agglutinate spontaneously and settle 
in a discrete layer. This sedimentation had invariably occurred when the 
blood reached the laboratory. No definite white cell layer had, however, 
formed on the surface of the red cell mass. The blood was not mixed and 
no whole blood extracts were prepared. Cell and plasma volumes were 
estimated from the gravity separation. The cloudy plasma, in which the 
white cells and platelets were still suspended, was withdrawn and a 
measured quantity centrifuged. The deposit so obtained corresponded to 
the white cell layer separated by centrifuging whole blood of other 
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animals, Stained smears showed that it contained masses of white cells and 
platelets mixed with a few red cells. Smears of the red cell mass, separated 
by gravity, revealed that occasional clumps of platelets and white cells 
had been carried down in the process of sedimentation. Calculations 
were made in order again to express the results in terms of y histamine 
per 10 p.c. whole blood. 

Six experiments were performed (Table VI). The white cell-platelet 
deposit contained on the average 78 p.c. of the total histamine-like 


Ta sie VI. The distribution of the histamine-like constituent in oxalated horse blood 


Exp. Sample per c.c in 10 blood histamine 

37 Plasma 0-000 0-000 0-0 
Red cells 0-000 0-000 
White cell layer — 1-090 100-0 
Calculated whole blood 1-090 

42 Plasma 0-011 0-069 19-5 
Red cells 0-009 0-028 7-9 
White cell layer — 0-256 71-6 
Calculated whole blood 0-353 

46 Plasma 0-000 0-000 0-0 
Red cells 0-013 0-052 18-1 
White cell layer — 0-235 81-9 
Calculated whole blood 0-287 

52 Plasma 0-005 5-7 
Red cells 0-035 0-140 
White cell layer — 0-356 67-7 
Calculated whole blood 0-526 

56 0-000 
Red cells 0-037 0-148 21-9 
White cell layer — 0-528 78-1 
Calculated whole blood 0-676 

61 0-000 0-000 
Red cells 0-025 * 0-100 29-3 
White cell layer — 0-241 70-7 
Calculated whole blood 0-341 


separated the histamine 

substance calculated to be present in the whole blood. It is probable 


that the high values obtained for the red cells were due to the presence, 
as demonstrable in stained films, of white cells and platelets. 


(3) Bullock blood. 


In one experiment, 50 c.c. of bullock blood were withdrawn directly 
into a cylinder containing 1 c.c. 10 p.c. potassium oxalate. Whole blood 
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histamine distribution tribution 
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samples were removed and the remainder centrifuged. The calculated 
histamine equivalent of 10 c.c. whole blood was 0-45y, of which 73 p.c. 
was in the white cell layer. Duplicate samples of whole blood gave 
estimated equivalents of 0-5 and 0-48y/10 c.c. 


(4) Goat blood. 

The blood of two goats has been investigated. In the first experiment 
50 c.c. blood were added to 1c.c. 10 p.c. potassium oxalate. In the 
second, 100 ¢.c. blood were added to 0-4 c.c. 1 p.c. sterile heparin. The 
calculated histamine equivalent of 10 c.c. oxalated blood was 1-27y/c.c. of 
which 80 p.c. was in the white cell layer. Small, but estimable quantities 
were present in the plasma and red cells. The plasma of the blood 
containing heparin was inactive, and the red cells contained only traces 
of activity. The estimated histamine equivalent of 10 c.c. whole blood 
was 1-62y and the calculated value 1-57y. In this experiment 95 p.c. of 
the activity was associated with the white cell layer. 


(5) Human blood. 


Six experiments were performed with the blood of two subjects. 
No anticoagulant was added. Slight clotting occurred in one experiment, 
and in this, histamine-like activity was present in the plasma. In the 
remaining instances the plasma was inactive. The percentage distribution 
of the activity in whole unclotted blood was calculated. The white cell 
layer contained on the average 82 p.c. of the histamine-like constituent. 
The lowest value obtained for the white cell layer was 70 p.c. The whole 
blood of the two subjects gave histamine equivalents of 0-06 and 
0-02y/c.c. 


(6) Dog blood. 

Because of the consistently low histamine equivalent values obtained 
from dog’s blood, its use was abandoned in the early stages of this 
investigation. After finding that the activity was practically confined 
to the white cell layer of rabbit’s blood, the blood of five dogs was 
examined. Well oxygenated arterial blood, withdrawn under ether 
anssthesia, was used. In four of these animals no definite histamine-like 
activity could be demonstrated in the whole blood extracts. Extracts 
of plasma, red cells and white cell layer of the blood of these four animals 
showed no significant activity. In the thirty extracts prepared in this 
series, a histamine equivalent value of 0-Oly/c.c. occurred twice and 
values of 0-00Ty/c.c. occurred in four extracts. In only one instance were 
these small quantities demonstrable in duplicate samples. They have 
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therefore been discarded. Their irregular occurrence further indicates that 
histamine equivalents of approximately 0-01y/c.c. and less are unreliable. 
The whole blood of the one remaining animal contained estimable 
amounts of histamine-like substance (0-016y/c.c.). The plasma and red 
cells were inactive and the whole blood histamine equivalent was 
quantitatively recovered in the white cell layer. In this animal the white 
blood cells and platelets were the source of the histamine-like activity. 


Discussion 

The aim of this investigation has been to study the source, in blood, 
of the histamine-like activity. For this purpose, such complicating 
factors as venous congestion [Barsoum & Gaddum, 19356; Barsoum 
& Smirk, 19366], and contracting skeletal muscle [Anrep & Barsoum, 
19355] have, as far as possible, been avoided. The results throw little light 
upon the effects of muscular contraction and venous congestion. They 
deal with the basic histamine-like activity already present in blood 
arriving at the part. 

In centrifuged unclotted blood the source of 70-100 p.c. of this basic 
histamine-like activity is the white cell layer. Under normal conditions, 
the active substance is apparently fixed in this portion of the blood. 
Clotting liberates it approximately quantitatively into the serum. It 
therefore belong to that group of substances which are freed from the 
cellular constituents of blood on clot formation [O’Connor, 1912; 
Freund, 1920]. 

The clotting of blood does not in itself form the histamine-like 
substance, since clot formation does not alter the whole blood histamine 
equivalent. Coagulation of blood allows the activity to diffuse from the 
white cell layer into the fluid portions of the blood. Precipitation with 
trichloroacetic acid likewise frees the active substance from the white 
cell layer as it is recoverable quantitatively in trichloroacetic acid 


- filtrates of this layer. 


The white cell layer consists of white blood cells and platelets. The 
large quantities of histamine-like substance present in the white cell 
layer of rabbit blood compared to the minimal quantities or absence of 
the substance in the white cell layer of dog blood, suggest a fundamental 
difference in the composition of this portion of the blood of the two 
animals, This difference is being used at present as a guide in a more 
detailed search for the source of the activity. 

The procedures in the extraction process devised by Barsoum & 
Gaddum have been modified in the method used in this study. All 
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objections to the method have not yet been answered. The process 
involves boiling the trichloroacetic acid extract with conc, HCl. Histamine 
added to blood is not affected by this treatment [Code, 1937]. It may 
be concluded, that if histamine is present in appreciable quantities in 
normal blood, it will be found in the final extracts. The part which acid 
boiling may play in the appearance of activity in these final extracts 
has not, however, been thoroughly reported. 

The terms histamine-like and histamine equivalent have been used 
throughout this paper to refer to the estimated activity. These terms 
have been adhered to because the identity of the active substance with 
histamine can only be established by its chemical isolation and 
identification. 

SUMMARY AND CONCLUSIONS 

1. A study has been made of the substance, acting like histamine, 
extractable from normal blood by a method modified ‘from that of 
Barsoum & Gaddum. 

2. In clotted rabbit blood 60-90 p.c. of the total histamine-like 
substance extracted from whole blood was found in the serum. 

8. Plasma and red cells yielded no significant amount of the active 

substance. 
' 4. The clotting of plasma out of contact with the cellular elements of 
blood did not alter its histamine equivalent. 

5. In the rabbit, the horse, the dog, the goat, the bullock and man, 
70-100 p.c. of the histamine-like substance extractable from whole blood 
was contained in the white cell layer of the centrifuged unclotted blood. 

6. In the process of clotting, the histamine-like substance normally 
confined to the white cell layer of rabbit blood, was freed and appeared 
in the fluid portion of the blood. 


I wish to express my sincere thanks to Sir Henry Dale for his interest and advice 
throughout this investigation. I am indebted to Major Dunkin and Mr Balfour-Jones 
for samples of blood from the horse, the bullock and the goat. 
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THE REACTIVITY DURING CGESTRUS AND 
PREGNANCY OF THE RAT UTERUS TO 
THE OXYTOCIC PRINCIPLE OF THE 
POSTERIOR PITUITARY GLAND 


By J. B. BROOKSBY? 


From the Department of Physiology, Pharmacology and 
Biochemistry, University College, London 


(Recewed 18 May 1937) 


Srupies on the variation in sensitivity of uterine muscle to the oxytocic 
principle of the posterior pituitary with advancing pregnancy have been 
made by Robson (on the rabbit [}933a], human [19336], and mouse 
[1934]), Knaus [1930] and others. A difference in the results obtained 
in the mouse and rabbit is noted by Robson. He finds that the mouse 
uterus is sensitive to the oxytocic principle throughout pregnancy, 
though the sensitivity increases markedly in the latter half, while in 
the rabbit the uterus is insensitive in the earlier stages. These differences 
in the rodents are emphasized by Hain [1935] who states that “cestrin 
and oxytocin do not appear to have the same synergism in rats as in 
mice”. Consideration of these results justifies a systematic investigation 
into the sensitivity of the rat uterus to the oxytocic principle in its 
_ various reproductive phases. 


The rats were taken from the stock colony. Some were virgin stock 
and a few were parous. They were segregated for some time, vaginal 
smears being made daily. The rats used for the dicestrus group were 
taken 2 days after cornified cells had appeared in the vaginal smears. 
Those for the cestrus group were taken the day after nucleated cells 
had been found in the smears. The pregnant rats were killed for experi- 
ment 5, 10, 15 and 20 days after the finding of spermatozoa in the smear. 

In all cases four strips of uterine muscle of equal length in the intact 
animal were taken. In the non-pregnant animal the strip comprised 
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half the horn, divided longitudinally. In pregnant animals strips of 
approximately the same length and breadth were taken. 

A technique which has been employed by some workers to obviate the difficulty of 
securing strips of approximately constant dimensions from pregnant and non-pregnant 
animals consists of the sterilization of one horn of the uterus before mating by unilateral 
ovariectomy, the sterile horn being used for the experiment. 

This method was avoided in favour of that described, in view of the work of Markee 
& Hinsey [1935] and Markee et al. [1936] on the cat and rabbit, demonstrating a local 
factor in the control of the growth of the pregnant uterus in addition to the hormonal 
factors. It was thought that this local factor might also result in changes in sensitivity 
which would not be apparent if the sterile horn technique were used, and if the reactivity 
to the oxytocic principle is to be considered as a factor in parturition such changes might 
be of importance. 

As soon as possible after removal from the animal the strips were 
suspended in 50 c.c. oxygenated Dale-Ringer solution in a muscle bath 
at a temperature of 38+1°C. Four tracings were taken simultaneously 
by light levers with frontal writing points on a large, slowly moving drum. 

The pituitary preparation used was Parke Davis's “Pitocin” 
specially purified. Two series of doses were used: (a) 0-002, 0-02, 0-2 and 
2-0 units, and (b) 0-001, 0-005, 0-010 and 0-015 units and the animals 
divided into two corresponding groups (a) and (6). The four doses of a 
series were administered as nearly as possible simultaneously to the four 
muscle strips from an animal, so that each dose was tested on a fresh 
strip. After the effect had been observed, the Dale-Ringer solution was 
changed, and time allowed for the muscle strips to settle down to the 
fresh solution. The four doses were then repeated on different strips so 
that a strip used, say, for testing the reaction to 0-002 units was used on 
the second occasion for one of the larger doses. Tests made on washed 
strips were regarded merely as confirmatory, and in no case was a strip 
used after more than one washing. Repeated washing of strips results in 
alteration in spontaneous activity and possibly in sensitivity, and it was 
this consideration which led to the adoption of this technique rather 
than that in which an effort is made to find the threshold value for each 
strip, the strip being washed between successive doses. The intervals 
between the values of the smaller doses were as small as possible. Closer 
approximation of these doses would have led to confusion of results 
owing to individual variation from animal to animal. 

RESULTS 

In the first group (a) of the experiments with doses of 0-002, 0-02, 
0-2 and 2-0 units about half of the dicestrus group failed to react to the 
doses of 0-02 unit. In the case of the wstrus group, and in all four 
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pregnant @ reaction was obtained to 0-02 unit in all but two 
(which were 10th and 15th day pregnancies) out of 28 animals. With the 
dose of 0-002 unit no effect was obtained except in two experiments 
(which were on 10th and 20th day pregnancies). These discordant results 
were ascribed to individual variations in susceptibility, and it was 
concluded that the threshold in cestrus and pregnancy was between 
0-002 and 0-02 units “ Pitocin”. 


Tasz I. Sensitivity of the rat uterus to oxytocin 


os Dose (units pitocin) 
Group no. 0001 0002 0005 0010 0-015 0-02 0-2 2-0 
Diestrus 0 . . + + 
2 - + + + 
28. - - + + 
ll - + + + 
6 - - + + 
(Estrus 29 ~ + + + 
10 - ‘ + + + 
50 + + + 
42 + > + . . 
43 = + + + . 
Sthday 12 + + + 
pregnancy 24 - + + + 
40 + + + . 
10thday 4 + + + 
pregnancy 9 . - ‘ - + + 
7 . - . + + + 
23 + + + + 
22 . = . + + + 
21 + + + 
35 - + + + 
39 —- . + + + . 
15th day l . - . 7 . + + + 
pregnancy 8 - - + + 
13 . . . + + + 
28 . + + + . . 
36 + + + . 
20thday 2 - + + 
pregnancy 3 - + + + 
5 + +” + 
25 - + + + . . 
29 bat 7 + + + 
26 - + + + + 
32 - - ‘? + + 


The second group of experiments (b) with doses of 0-001, 0-005, 0-010 
and 0-015 units substantiated the conclusion that the dicestrus uterus 
was less sensitive since no reaction was obtained to these doses. This 
group also revealed a close agreement between the threshold at different 
stages of pregnancy and at cestrus. With one exception (in the case of 
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a Sth day pregnancy) 0-005 unit was a sufficient dose to excite activity, 
while 0-001 unit uniformly failed to give an effect. As in the first series 
0-002 unit was also ineffective in almost all cases, the threshold of the 
uterine muscle in oestrus and at the four stages in pregnancy examined 
in these experiments would appear to be between 0-002 and 0-005 unit 
of “Pitocin”. During dicstrus it appears to be higher, in the region of 
0-02 unit. | 
Discussion 

The conception of the oxytocic principle of the posterior pituitary 
as the hormone responsible for the contraction of the uterine muscle at 
parturition has been built up on the results of several groups of experi- 
ments, all of which have a somewhat indirect bearing on the actual 
conditions at the time of parturition. Thus from the experiments of 
Robson [1933a, b; 1934] demonstrating the increase in sensitivity of 
. the uterine muscle to the oxytocic principle with advancing pregnancy, 
in the rabbit, human and mouse, it is not unreasonable to suggest that 
such progressive lowering of the threshold will lead to the initiation of 
uterine contraction at parturition. Further support is given to this 
supposition by the observation of Robson [19336] that the lower 
portions of the human uterus are less sensitive than the upper, and of 
Newton [1934, 1937] who finds that the cervix uteri is insensitive to 
oxytocin in the pregnant goat, rat and guinea-pig. The work of Parkes 
[1930] confirmed by Marrian & Newton [1935] on the synergism of 
cestrin and oxytocin, together with the observation that the concentration 
of cestrin in the urine increases during pregnancy in some animals, led 
to the cestrin-oxytocin theory of parturition. 

There is, however, no evidence that the synergism between cestrin 
and oxytocin takes place physiologically. In the experiments of Marrian 
& Newton, when doses of cstrin of a supposedly physiological order 
were given, the dose of oxytocin used was far beyond that probably 
present at the end of pregnancy; while in those of Robson [1935] an 
excessive dose of cestrin was administered to obtain a degree of sensitivity 
similar to that of the parturient uterus. D’Amour & Dumont [1937] 
have administered cestrin and oxytocin in physiological doses to pregnant 
rats and conclude from the absence of abortions that the synergism is 
not effective in these animals. The same authors further report that they 
have been unable to hasten parturition (as distinct from terminating 
gestation by killing the foetuses) by the use of hormonal factors of the 
hypophysis, follicular fluid, placenta and blood. A more satisfactory 
explanation of the complicated phenomena of labour than that based on 
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differences in threshold between parts of the uterine muscle with regard 
to the oxytocic principle appears to be required, though it is probable 
that these differences are of significance. 

The present work demonstrates that there is no increase in sensitivity 
in the rat uterus as pregnancy advances and therefore offers no evidence 
for the cestrin-oxytocin theory of parturition. (A sudden rise in sensitivity 
between the 20th day of pregnancy and actual onset of parturition 
cannot, of course, be excluded.) The threshold found during cestrus and 
pregnancy is in close agreement with that found by Robson for uterine 
muscle just at parturition in the human, rabbit and mouse. That this 
threshold is higher than that at diestrus may point to the synergism 
between cestrin and oxytocin being, after all, effective, but may on the 
other hand be due to the attainment of a constant reactivity resulting 
in any state in which there is myometrial proliferation. If the synergism 
is regarded as being effective the quantity of effective cestrin during 
pregnancy is not greater than that during cestrus, this in turn suggesting 
variation in the mechanism with the species. If, on the other hand, it is 
concluded from these experiments on the rat that the synergism is not 
operative as a physiological mechanism, and if the similarity between 
the sensitivity of the rat uterus throughout pregnancy and that of other 
species at parturition be taken into account, it is possible that the 
increasing reactivity observed in other species may be due to the with- 
drawal of an inhibitory influence acting in the earlier stages of pregnancy. 
The inhibitory action of the hormone of the corpus luteum on uterine 
reactivity to the oxytocic principle has been demonstrated by numerous 
workers in animals other than the rat, mouse and guinea-pig, the absence 
of the effect in these species having been noted by Siegmund [1930] 
and by Robson [1934]. The present work confirms the absence of the _ 
inhibitory effect in the rat. 


SuMMARY 


The reactivity of the rat uterus to oxytocin during dicestrus, cestrus, 
and at four stages in pregnancy has been investigated. It is found that 
the reactivity during cstrus and pregnancy is constant, and is greater 
than that during dicestrus. The significance of these results with regard 
to hormonal factors and parturition is discussed. 


I wish to thank Dr W. H. Newton for his advice and assistance in this investigation. 
The expenses of the research were defrayed by a grant from the Medical Research 
Council to Dr W. H. Newton. 
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THE FEMALE PROSTATIC GLAND AND ITS 
REACTION TO MALE SEXUAL COMPOUNDS 


By V. KORENCHEVSKY 
Lister Institute, London - 
(Received 19 April 1937) 


In previous papers [Korenchevsky, 1935; Korenchevsky & 
Dennison, 1936a] a historical review was made of the literature dealing 
with the female prostatic glands (minute in size and atrophic in structure) 
in human beings and a short description was given of our detection of 
this gland in the rat. In these papers, however, detailed histological 
examination of the female prostate was not made and photomicrographs 
were given only at low magnification (x 12 or x 15) at which magnifica- 
tion it is not possible to come to any conclusion as to the structure of 
the glandular cells either in the uninjected or the injected rats, or as to 
the homology of the female gland with the ventral lobe of the male 
prostate. In this paper we give this evidence. At the same time we give 
photographs of the glands hypertrophied by some of the male sexual 
compounds used in our latest experiments and which have not been 
described in our previous papers. 

The nature of the experiments on the female rats, the prostatic 
glands of which are described in this paper, has been published else- 
where [Korenchevsky & Dennison, 1936c; Korenchevsky ¢ al. 
1935, 1937, 19374, 5]. 

TECHNIQUE 


The details of the general technique of the experiments are given in 
our previous papers, which have been mentioned above. Some of the 
data referring to the rats described in this paper are given in Table I. 
All the injected rats given in Table I (except in the case of one group 
which is mentioned) were spayed. The male sexual compounds used in 
all our experiments were artificially prepared and —_ by Messrs 
Ciba, Ltd. 
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Tasiz I. Occurrence of the female prostate in female rats injected 


with male sexual compounds 
No. of rata No. of rats 


Male sexual compound No. of rats trophied 
and daily dose in group prostate ( sections) 
Andean 0-9-3-6 mg. 27 0 0 
1-4 mg. 29 l 0 
Androstane-diol, 0-49-3-54 mg. 37 5* 0 
Testosterone, 0-167-0-7 mg. 26 1 0 
Testosterone propionate (spayed rats), 18 I 0 
0-167-0-7 mg. | 
propionate (normal rats), 10 3 0 
0-5~1-5 mg. 
‘.Androstene-dione, 0-5-3 mg 27 2 0 
A’-Androstene-diol, 0-2—0-6 mg. 10 0 0 
No compound injected 56* 0 9* 
Total 240 13 9 
Note, marked with an asterisk are taken from a previous [Koren 
chevsky & Dennison, wey p. 100}. Since cestrone does not prevent Lceskseeby of 
the number of rats injected with male compound alone or 


simultaneously with wstrone (2-185 per day, 3-7 per week). 


Only three (androsterone, transdehydroandrosterone and testo- 
sterone) of the seven compounds have so far been isolated from the 
organism, though the presence of the other is suspected. We therefore 
use the term “compound” rather than “hormone”, this latter term 
usually being reserved for substances which are found in the organism. 

The compounds were dissolved in sesame oil and injected in half 
daily doses twice a day. The daily doses injected are given in Table I, 
the period of injection being 21 days. 

The organs were fixed in Bouin’s fluid and embedded in paraffin. 
The sections were stained with hematoxylin and eosin and, when 
necessary, for fibrous and muscular tissue with Masson’s trichromic stain. 


Prostatotropic property of male sexual compounds in female rats 

In our experiments on female rats (Table I) the following compounds 
brought about hypertrophy of the glands: 

(1) transdehydroandrosterone, 

(2) testosterone, 

(3) testosterone propionate (an ester of islands: 

(4) A*androstene-dione, and 

(5) androstane-diol. 

Negative results were obtained with androsterone and A5-androstene- 
diol, which, however, does not mean that these hormones have no 


female prostatotropic property: the number of rats — was too 
small for such a conclusion. 
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Normal occurrence of the female prostatic glands 

The data summarized in Table I might be used in making a more 
correct (though certainly not final) determination of the normal occur- 
rence of the female prostate in our stock of rats. The hypertrophied 
prostate is easily seen with the naked eye and cannot therefore be missed 
at dissection. With the exception of androsterone and androstene-diol 
all the compounds examined proved to be “female prostatotropic”. 
Therefore, after the deduction of the 37 rats injected with androsterone 
and androstene-diol, all the rats injected with the other compounds 
may be included in the statistical calculation, i.e. 147 rats. To these the 
56 control uninjected rats, in which serial section was made of the vagina 
[Korenchevsky & Dennison, 1936a], can be added. Thus, in 203 rats, 
in which a prostate was most unlikely to be undetected, it was found in 
22 cases or in about 11 p.c. 


Histology of the gland 

Normal uninjected rats. In this group the largest prostate found is 
showptat low magnification in Pl. XXII, fig. 41, of our previous paper 
[Korénchevsky & Dennison, 1936a]. Pl. I, fig. 1, of the present 
paper shows the glands in one of the normal rats at high magnification 
(x 200), while fig. 2 represents the’gland in the other normal rat. Both 
rats were in diestrus. Both glands show atrophic follicles, lined with 
cubical (fig. 1) or low columnar (fig. 2) epithelium, containing clear 
protoplasm, in which it is not possible to distinguish any separation 
into different zones. The greater the amount of secretion in the follicle 
the lower the cells. The development of the interfollicular interstitial 
tissue in relation to the follicular tissue is greater than in the females 
injected with prostatotropic compounds or in normal males. Fig. 2 shows 
a considerable increase in the fibrous tissue and also patches of small 
cellular (chiefly leucocytic) infiltration. Patches of this infiltration are 
often seen in the atrophic female prostates of the uninjected rats. 

The structure of the gland in female rats during natural cestrus 
(Korenchevsky & Dennison, 1936), Pl. LXV, fig. 19] and during 
pregnancy [Korenchevsky & Dennison, 1936a, Pl. XXII, fig. 42) 
was shown at low magnification in our previous papers. The histological 
structure at high magnification is the same as that shown in figs. 1 and 2 
of the present paper. Such a structure is also typical of the male prostate 
atrophied after castration. 

Spayed uninjected or estrone injected rats. The histological structure 
is identical with that seen in the normal uninjected rats (figs. 1 and 2). 
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Transdehydroandrosterone injected spayed rats. Fig. 3 represents a 
gland found in a spayed rat injected with 1 mg. per day of trans- 
dehydroandrosterone simultaneously with cestrone. This male hormone 
is the weakest of the male hormones investigated by us[Korenchevsky 
& Dennison, 1936c], producing only a slight hypertrophy of the sexual 
organs in castrated male rats. The effect of this hormone on the female 
prostatic gland was also weak as is shown in fig. 3. The hypertrophy 
of the cells and follicles was only slight. There was no separation of the 
cell protoplasm into “clear” and ‘“‘dark” zones. Therefore the chief 
effect of this hormone was to cause an increase to about double the size 
of the whole female prostate. 

Spayed rats injected with androstene-dione, testosterone or testosterone 
propionate, The glands in the rats injected with these hormones were 
similar to those of the rats injected with androstane-diol [K oren- 
chevsky & Dennison, 1936a, Pl. XXII, figs. 43 and 45]. As is shown 
in fig. 8 (present paper) the gland was considerably hypertrophied, 
appearing to the naked eye to be typical of the ventral lobe of male 
prostate. Fig. 10 shows at high magnification one of the small follicles 
situated at the periphery of the other gland. The less the am@&int of 
secretion in the lumen of the follicles, the less the cells are compressed 
and therefore the more fully are they able to develop. Thus, as is seen 
in fig. 10 and at still higher magnification in fig. 5, the epithelial cells are 
completely developed. The cells are columnar, nearly all the nuclei are 
situated at the basal part of the protoplasm. The protoplasm is quite 
definitely divided into three zones, two “dark” hematoxylinophil zones 
and between these a “clear” eosinophil zone. The larger “dark” zone 
occupies the basal half of the cell and a second much narrower zone faces 
the lumen of the follicle. The epithelial layer forms many villous pro- 
jections into the lumen of the follicle. The blood vessels and a small 
amount of interstitial tissue is seen in the centre of the projections 
between the two epithelial layers. 

Normal female rats injected with testosterone propionate, In normal 
injected rats the gland was hypertrophied to about the same size as 
that observed in spayed injected rats. Fig. 9 represents the largest of 
the prostates seen in this group. In order to economize space this gland 
is not shown at high magnification, since the only differences from the 
gland shown in fig. 10 that could be seen were an occasional vacuolation 
and; sometimes, a less marked distinction between the “dark” and 
“hight” zones in the epithelial cells, 
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FEMALE PROSTATE 375 
_A comparison of the female prostate with the ventral lobe of the male 


. We have shown previously [Korenchevsky & Dennison, 
1935, pp. 326-7), that in the male rat there are definite histological 
differences between the ventral, dorsal and lateral lobes of the prostate; 
nor can the ventral lobe be confused with any other gland in the 
organism. The three zones in the protoplasm, the form and arrangement 
of the cells in the follicles and the appearance and position of the nuclei 
are a unique combination characteristic only of the ventral lobe. When 
this is taken into consideration, there can be no doubt that the developed 
female prostate is histologically identical with the ventral lobe of the 
normal male prostate. Comparison of the photographs of the female 
prostates in figs. 3, 8, 9 ( x 15), fig. 10 ( x 200) and fig. 5 ( x 300) with 
those of the male ventral lobe in fig. 6 ( x 15) and figs. 7 and 11 ( x 200) 
show this clearly. The most important feature is the presence of the 
three zones in the cells. This proves that in the rat the female prostate 
is homologous with the ventral lobe of the male prostate. 

_ _The follicles and cells of the prostate shown in figs. 1 and 2 are 
identical in appearance with those of the ventral lobe of the atrophic 
prostate of the castrated male rat. In order to economize space, however, 
we do not give photographs of the latter, since it is not possible to 
differentiate the atrophic epithelial cells of the male and female prostate, 
not only from each other, but also from the epithelial cells of some other 
glands, since the atrophic cells do not show the three zones or other 
typical features of the male prostatic cells. 


SuMMARY 

1. Development of the rudimentary prostatic glands into compara- 
tively large female prostates has been obtained after the injection of 
five out of seven of the male sexual compounds examined. 

2. The stimulation was weakest with transdehydroandrosterone 
and strongest with androstane-diol, androstene-dione and testosterone 
propionate. 

3. A description is given of the detailed histological structure of 
both atrophic and hypertrophied female prostates. 

4. The detailed histological comparison of the hypertrophied female 
prostate with the ventral lobe of the normal male prostate proves that 
these glands are homologous, and so confirms our previous conclusion. 

Grants from the Medical Research Council and from the Lister Institute have enabled 
me to carry out this work, and to them my thanks are due. I am much indebted to 
Prof. A. Girard for the supply of wstrone, to Messrs Ciba, Ltd., for the supply of the 
male compounds and to Mrs M. Dennison, who prepared the photomicrographs. 
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DESCRIPTION OF PLATES I-IV 


Prats I 
Fig. 1. Rudimentary female prostate in a normal uninjected rat. Follicles and cubical 
epithelium atrophic. x 200. 


Fig. 2. Rudimentary female prostate in a normal uninjected rat. Follicles and cylindrical 
epithelium atrophic. Greatly increased amount of fibrous tissue. x 200. 


Prats II 
Fig. 3. Slightly hypertrophied female prostate in a spayed rat injected with 1 mg. trans- 
drost per day + 6y wstrone three times per week. Below, cross-section 


of vagina; above, round cross-section of urethra. Prostate above and on the left 
of urethra. x 15. 

Fig. 4. Rudimentary female prostate in a spayed uninjected rat. Prostate, the largest 
in this group, on the left, between urethra and upper wall of vagina. x 15. 

Fig. 5. Part of the villous projection of the female prostate shown in fig. 10 at x 300. 
Cylindrical epithelium showing three zones, with nucleus in basal dark zone. Structure 
of cells identical with those of male prostate shown in figs. 7 and 11. 


Fig. 6. Part of ventral lobe of prostate of normal male rat. Similar to hypertrophied 
female prostates in figs. 3,8 and 9. x 15. 


Fig. 7. The same as in Fig. 6 but at magnification x 200. Small type of otherwise fully 
developed villous projections and cells. 


Pirate III 


Fig. 8. Greatly hypertrophied female prostate in a spayed rat injected with 3 mg. androstene- 
x 


Fig. 9. Greatly hypertrophied female prostate in a normal rat injected with 1-5 mg. 
testosterone propionate per day. Vagina larger than normal, with completely mucified 
epithelium showing “ pregnancy effect”’ of testosterone propionate. x 15. 


Prats IV 


Fig. 10. Small follicle of greatly hypertrophied female prostate of a rat, injected 
with 167y testosterone propionate per day. Fully developed villous sates prifintions ond 
cells identical with those of norma] male prostates shown in fig. 11. x 200. 

Fig. 11. Small follicle of the ventral prostatic lobe of a normal male rat. Large of 
fally developed villous projections and cells identical with those of female prostate 
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THE ACTION OF ANTICOAGULANTS 


By J.O. WAKELIN BARRATT 


From the Department of Bacteriology, Serology and Experimental 
Pathology, Lister Institute of Preventive Medicine 


(Received 23 April 1937) 


In the present paper an attempt is made to present anticoagulant action 
in @ quantitative aspect. 
METHOD 


The anticoagulants (1) dealt with are NaCl, chlorazol sky blue and 
heparin. Chlorazol sky blue is the sodium salt of dimethoxy-diphenyl- 
diazo-bis-8-amino-1-naphthol-5-7-disulphonic acid: the sample used con- 
tained 78-6 p.c. of dye, 11-7 p.c. of sodium chloride and 10-5 p.c. water. 
Ordinary commercial heparin was employed, the actiye principle of which 
is chondroitin-trisulphuric acid [Jorpes, 1935]. For use in experiment 
chlorazol and heparin were dissolved, in suitable concentrations, in 
0-85 p.c. solution of sodium chloride. 

As coagulant system citrated blood plasma (2) and a solution of 
thrombin in the form of the venom of Echis carinatus (3) (Barratt, 1913] 
were employed. The former was obtained by adding to human blood, 
immediately after withdrawal from the median basilic vein into a para- 
fined glass syringe, an amount of sterile 15-25 p.c. solution of trisodium 
citrate sufficient to produce a concentration of 0-3 p.c. in the volume of 
blood removed. The venom employed was dissolved in 0-85 p.c. NaCl 
solution in a concentration of 1 in 160,000. 

Anticoagulant action was investigated by noting the increase of 
coagulation period following addition of the anticoagulant (1) to the 
coagulant system (2 and 3), experiments being made by mixing together: 
(1) 0-2 ml. of the anticoagulant in suitable concentration; (2) 0-2 ml. of 
plasma; and (3) 0-2 ml. of thrombin solution, proper admixture being 
immediately obtained by shaking. Control experiments were made by 
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using 0-85 p.c. Na€l solution or distilled water in place of (1). No dif- 
ference in respect of the coagulation period was observed if the anti- 
coagulant were mixed first with plasma and then thrombin added, or if 
anticoagulant and thrombin were mixed and then plasma added ; nor was 
any marked alteration of the coagulation period obtainable by allowing 
the anticoagulant to act upon one or other reagent in the coagulant 
system for periods up to 30 min. or more before adding the remaining 
reagent. When admixture was judged to be complete a drop of the mixture 
of (1), (2) and (3) was placed on a glass slide, ringed with vaseline and a 
coverslip applied. 

The preparation was then observed under the microscope, with dark- 
ground illumination and the coagulation time taken as the period elapsing 
between admixture and the first appearance of visible fibrils of fibrin. 
This was determined without difficulty for periods up to about 100 min. 
With somewhat longer periods it is difficult, owing to the extreme fineness 
and very scanty number of the fibrils observed, to ascertain the exact time 
of visible fibril formation, and for periods exceeding 3 hours very accurate 
determinations cannot be made. The onset of “setting” generally pre- 
ceded the first appearance of visible fibrils for periods up to about 30 min. : 
for longer periods “‘ setting” (as also sluggishness of movement on slightly 
tilting the containing tube) appears later than visible fibril formation. 
When with further addition of anticoagulant visible fibrils become 
difficult to recognize, soft “setting”, later becoming firm, is observed. 
Even when visible fibrils cease to be formed “‘setting”’, soft or firm, still 
occurs but, if sufficient anticoagulant is added, “setting” ceases to be 
recognizable. 

All experiments were carried out at room temperature (16-18° C.). 


RESULTS 


The nature of the action of the anticoagulants employed 

In all experiments citrated plasma was used. There were, therefore, 
only two substances upon which the anticoagulants could act in delaying 
coagulation, namely fibrinogen, present in the blood plasma employed, 
and thrombin (snake venom): owing to the addition of sodium citrate 
any possible action of anticoagulant upon prothrombin or thrombokinase 
would be without effect upon coagulation. It is therefore to be expected 
that the action of the anticoagulant would be to diminish the concentra- 
tion of fibrinogen or of thrombin and would thus be equivalent to the 
effect of dilution of one or other of these coagulant substances. Now 
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simple dilution of either thrombin or of fibrinogen causes retardation of 
coagulation, but while dilution of thrombin (the concentration of fibri- 
nogen remaining unchanged) causes diminution of the number of fibrin 
fibrils, which at the same time increase in length and thickness, dilution 
of fibrinogen, on the contrary (the concentration of thrombin remaining 
unchanged), results in the fibrils becoming very fine and soon ceasing to 
be visible, though “setting” still occurs: in both cases, as the coagulation 
period is prolonged, the clot becomes increasingly soft [Barratt, 
1920}. 

The addition of NaCl, chlorazol and heparin causes, in addition to 
delay of onset of coagulation, diminution in number and increase in length 
of fibrin fibrils: thinning of the fibrils does not occur. This is exhibited in 
Exps. 1-13, Table I. It follows, therefore, that the action of these anti- 


Tasie I. Experiments exhibiting the anticoagulant action of varying concentrations (z) of — 
NaCl, chlorazol and heparin upon a mixture of citrated plasma (0-32 ml. of plasma 
being contained in 1 ml. of the coagulant mixture) and venom (1 in 480,000). z is given 
in g. per ml. of the mixture. The observed coagulation times (¢) are given in minutes: 
the figures in brackets represent calculated coagulation times 


Anti- z t 

Exp. coagulant 4g. per ml. min. Fibrin fibrils 

1 NaCl 0-0280 140 [140 Scanty, fine, 170-2504 long 

2 0-0190 28 

3 0-0105 6-5 [6-5 Numerous, fine, 25-50 long 

4 0-0077 3-5 [5- 
‘5  Chlorazol  0-00183 Moderately , fine, 170-250 long 

6 0-000015 21 (20) 

7 0-000457 10-3(10-2] 

8 6-5 (6-5 Numerous, fine, 25-504 long. 

9 4-0 [5 
10 Heparin 0-00167 162 [161] Moderately numerous, fine, 170-250» long 
1 0-00118 77 
12. 6-5 [6-5] Numerous, fine, 25-50. long 

13 5-5 [5-5] 


coagulants is directed to thrombin and not to fibrinogen. The anticoagu- 
lant apparently enters into combination with part of the thrombin added, 
the remainder being free. The combination, if it occurs, resembles a 
dissociable combination, for, although the greater part of the thrombin 
disappears, when relatively large amounts of anticoagulant are added, 
nevertheless, a small fraction still remains uncombined: thus a simple 
stoichiometric relation between the anticoagulant added and the amount 
of thrombin disappearing is not observed. 

The experiments given in Table I are exhibited graphically in Fig. 1, 
in which the abscisse represent concentration of anticoagulant and the 
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ordinates coagulation time. It will be noted that there is a general simi- 
larity between the three curves, which would be still closer if the scale 
of abscisse for the two curves to the left were suitably increased. The 
action of the anticoagulant in all three curves is obviously similar in 
character. 


0-01 0-02 0+03 


Fig. 1. The curve to the right exhibits the anticoagulant action of NaCl (Exps. 1-4, Table I); 
the middle curve that of chlorazol (Exps. 5-9); and the curve to the left heparin 
(Exps. 10-13). 


When NaCl is used as anticoagulant the effect of increasing concentra- 
tion is to reduce the number of fibrils appearing until at length fibrils are 
difficult to find, only one being present in several fields of the microscope, 
while at the same time the length of the fibrils undergoes considerable 
increase, extending over one-third to half the diameter of the field. It has 
not, however, been found possible under the conditions of experiment 
followed to obtain a considerable increase in thickness of fibrils, such as 
is observed with simple dilution of thrombin [Barratt, 1920]. At con- 
centrations of NaCl exceeding 0-0400 g. per ml. of the coagulant mixture, 
with the concentration of plasma and venom given in Table I, visible 
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fibrils cease to appear and at somewhat higher concentrations “ ‘s 
also ceases. The clot in Exps. 3 and 4. Table I, was firm, exhibited marked 
retraction, and serum was readily expressed on pressure with a glass rod: 
in Exp. 1, the clot was much less firm and was very friable, no retraction 
occurring and serum not being expressible. 

When chlorazol and heparin are used as anticoagulants the same dimi- 
nution in number and increase in length of fibrin fibrils is observed as 
with NaCl, though the conditions under which observations are made are 
not so favourable owing to the deep colour of the dye and the presence of 
very fine granules when heparin is employed. 

Each of the three anticoagulants studied may therefore be regarded 
as an antithrombin. 

It is of interest to note that Huggett & Silman [1932] state that 
chlorazol sky blue FF (Chicago blue) “is an antithrombokinase”’. “It 
had no effect, however, on the action of thrombase itself.” LaterHuggett | 
[1934] observed that “thrombase was found to be inhibited by chlorazol 
sky blue FFS” as was also “the action of thrombokinase (with calcium 
ions) in activating prothrombase to thrombase”’. 

Howell & Holt [1918] state that “heparin inhibits clotting mainly 
by preventing the activation of prothrombin to thrombin. It acts as an 
antiprothrombin rather than as an antithrombin”. In other words 
heparin produces its anticoagulant effect “‘by a reaction with prothrom- 
bin”; it does not prevent clotting when added to mixtures of thrombin 
and fibrinogen. Mellanby [1935] finds that “heparin prevents the co- 
agulation of oxalated plasma by thrombase. This action depends upon 
the neutral salt content of the plasma since heparin does not inhibit the 

coagulation of dialysed oxalate plasma by thrombase’”’. 
Measurement of anticoagulant action 
An attempt was now made to measure the degree of anticoagulant 


action exhibited by the three anticoagulants studied. 

Consideration will first be given to the simpler case of NaCl. When 
chlorazol and heparin are used as anticoagulants, NaCl being also present 
(in a concentration of 0-0105 g. per ml. in all experiments except 9 and 13 
where the concentration is 0-0077 g. per ml.), a double anticoagulant 
effect has to be investigated. | 

Any equation representing the NaCl curve in Fig. 1 must fulfil two 
conditions. 

The first condition is that the coagulation time (t) increases with in- 
crease of anticoagulant (x). A glance at Table I, however, shows that ¢ is 
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not simply proportional to z, but is represented by a function of 2 which 
increases much more rapidly than does z itself. A simple function of this 
type would be z® where p is a constant greater than 1. Furthermore, as x 
increases, t also increases, but no matter how much z is increased, ¢ does 
not reach a maximum limit, in other words thrombin (y), although it 
becomes less and less with increase of z, does not disappear. It has been 
pointed out above that ¢ is dependent not upon the concentration of 
thrombin added, but upon the amount of thrombin remaining free in 
presence of the anticoagulant. Thus, if in Exps. 1-4, Table I, the con- 
centration of NaCl were 0-0077 g. per ml. in all experiments, the concentra- 
tion of thrombin which would give the values of t obtaining in Exps. 1, 2 
and 3 would be approximately one-hundredth, one-tenth and two-thirds 
respectively of the amount of thrombin added: these values representing 
approximately the concentrations to which y has been reduced by the 
action of the anticoagulant. 

The second condition, which must be fulfilled by any equation repre- 
senting the NaCl curve, is that as the anticoagulant (x) diminishes in 
concentration the coagulation time (¢) also diminishes, but it does not 
become zero, reaching a minimum depending upon the concentration of 
thrombin (y) added, the minimum value of ¢ becoming greater as the con- 
centration of thrombin added in each series of experiments is diminished, 
so that there is a separate curve for each concentration of thrombin 
employed. It may be pointed out that the concentration of NaCl cannot 
be reduced to zero, fibrinogen being insoluble in water: nevertheless, the 
point at which further diminution of concentration of NaCl ceases to 
cause any appreciable shortening of the coagulation time can be deter- 
mined graphically or calculated as described below. 

The relation between concentration of thrombin (y) and the corre- 
sponding coagulation time (t), the concentration of fibrinogen being the 
Se ee has been found [Barratt, 1934] to be represented 

y 
t=(=)" or (1) 


where B is a constant. 

When NaC! is allowed to act upon thrombin it is found experimentally 
that when the amount of thrombin added is represented by y the amount 
remaining free is ;‘gz», where « represents the concentration of NaC! 


He A and p are constants. Substituting this value in equation (1) we 
ve 


[1+(42)]. 
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If the amount of thrombin added (y) is the same in all experiments 
equation (2) becomes 


where C is a constant. 

Many series of experiments of the type indicated in Exps. 1-4, Table I, 
showed that, using equation (3), a fair agreement was met with between 
observed and calculated coagulation times for periods not exceeding 
100 min. Above this limit it is, as already mentioned, difficult, owing to 
the fineness and diminished number of the fibrils appearing, to determine 
with accuracy the time at which visible fibrils may be regarded as making 
their appearance. Even so, however, experiments made above this limit 
do not appear to afford any ground for contesting the validity 
of equation (3). 

The values of p obtained in different series of experiments were in the 
neighbourhood of 6-0. The values of A were usually not far removed 
from 80. The value of C depends upon the concentration of thrombin 
added. The actual values of p, A and C for Exps. 1-4, Table I, were 5-9, 
76-7 and 11-0 respectively ; the calculated values of t are given in brackets. 

When chlorazol and heparin are used as anticoagulants NaCl is also 
of necessity present. Thus in Exps. 5-13, Table I, NaCl was present to 
the extent of 0-0105 g. per ml., except in Exps. 9 and 13, where the 
amount was 0-0077 g. per ml. In these experiments it seemed likely, 
judging from the appearance of the curves in Fig. 1, that for these two 
anticoagulants an equation similar to equation (3) would also be applic- 
able. The simplest assumption to make would be that the amounts (z’) 
of chlorazol and heparin added were equivalent i in their anticoagulant 
effect to proportional amounts (az’, where a is a — of NaCl, in 
which case equation (3) would become 

(4) 
If z were negligible compared with az’, as would be the case with the 
higher concentrations of anticoagulant, equation (4) becomes 
(5) 
Putting da=A’ this assumes the form of equation (3). 

The applicability of equation (4) was tested in numerous series of 
experiments and a fair agreement between calculated and observed values 
of ¢ obtained. This is illustrated in Exps. 5-9 and 10-13 in Table I. In 
these experiments the values of p, A and C remained the same as in 
Exps. 1-4, and the values of a for chlorazol and heparin were 7-1 and 11-3 
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Exp. Anticoagulant Pp A Ce a 
14 NaCl 5-9 76-7 11-0 
5-9 Chlorazol 5-9 76-7 11-0 Tl 

10-13 Heparin 5-9 76-7 110 11-3 


respectively (cp. Table II). The calculated values of ¢ are given in brackets. 
It would, therefore, appear that equations (3) and (4) are applicable to the 
three anticoagulants tested. 

The constants A and Aa represent the anticoagulant power of NaCl 
(76-7) and of chlorazol (545) and heparin (867), the relative values being 
1, 7-1 and 11-3 respectively. The values of A and a for NaCl and chlorazol 
are probably approximately correct but, since the degree of purity of the 
sample of heparin employed is unknown, the value of a given for this anti- 
coagulant in Table II is doubtful: all that can be asserted is that the 
anticoagulant power of heparin is greater than that of chlorazol. 


SuMMARY 


1, The action of the anticoagulants NaCl, chlorazol and heparin in 
delaying the coagulation of a mixture of fibrinogen and thrombin is 
exerted upon thrombin: no evidence of any action upon fibrinogen was 
observed. 

2. An equation is given by means of which the coagulation time in 
presence of varying amounts of anticoagulant can be calculated. 

3. Anticoagulant power is indicated in the equation by a constant. 


REFERENCES 


Barratt, J. O. W. (1913). Proc. Roy. Soc, B, 87, 177. 
Barratt, J. O. W. (1920). Biochem. J. 14, 189. 

Barratt, J. O. W. (1934). J. Physiol. 80, 422. 

Howell, W, H. & Holt, E. (1918). Amer. J. Physiol. 47, 328. 
Huggett, A. St G. & Silman, H. (1932). J. Physiol. 74, 9P. 
Huggett, A. St G. (1934). Ibid. 82, 21P. 
Jorpes, E. (1935). Biochem. J. 29, 1817. 
Mellanby, J. (1935). Proc. Roy. Soc. B, 116, 1. 


7 + 
5 
og 
fi 
\ 


J. Physiol. (1937) 90, 385-394 612.391.3:612-183 


THE ROLE OF APPETITE IN THE 
CONTROL OF BODY WEIGHT 


By N. F. MACLAGAN 


_ From the John Burford Carlill Laboratories, 
Westminster Hospital Medical School 


(Received 30 April 1937) 


Our knowledge of the way in which the normal animal body maintains 
a fairly constant weight in spite of large fluctuations in énergy intake and 
output is still very incomplete. The following factors are recognized by 
Du Bois [1936] as being concerned in this control: 

A. Under-nutrition gives rise to (1) reduced basal metabolism; 
(2) reduced specific dynamic action of food ; (3) lack of desire for exercise ; 
(4) perhaps increased appetite. It may be noted that there is no scientific 
evidence for (4), which appears to rest on the fact that some experi- 
mentally under-nourished subjects feel hungry [e.g. Benedict et al. 1919]. 
It has not been demonstrated that they would eat more than their normal 
amounts if permitted. On the other hand, it is the usual experience of 
fasting men [Benedict, 1915] that no hunger is felt after the first few 
days of a fast. 

B. Over-nutrition gives rise to: (1) Perhaps increased basal meta- 
bolism. The evidence for this is extremely conflicting, and particularly 
so in the case of human subjects. This question is of course bound up 
with the conception of “‘luxus consumption” introduced by Grafe in 
1911, Recent work on this subject is reviewed by Du Bois [1936] who 
concludes that the existence of “‘luxus consumption” has not been 
adequately demonstrated. (2) Increased specific dynamic action of food. 
This is an increase affecting principally large protein meals, and would 
only take care of about 30 p.c. of the extra food taken. (3) Perhaps 
increased desire for exercise. This is merely a clinical suggestion, and 
hardly accords with one’s feelings after a heavy lunch! 

C. Ewxercise (under certain conditions) tends to increase the appetite. 
This is a matter of common experience but neither the mechanism 


¢ 
J 
fj 
x 


386 N. F. MACLAGAN 


nor the quantitative aspects of this effect appears to have been 
investigated. 

Further light on the problem may be sought in a study of those con- 
ditions in which the normal regulatory mechanism has broken down. 
The vast amount of experimental work on obesity has given mainly 
negative results, and Du Bois concludes that ordinary or exogenous 
obesity “is accompanied by no abnormality of metabolism striking 
enough to be demonstrated by our present methods”. We are therefore 
forced to assume that obese persons simply eat more than they require, 
and this conception of obesity as an example of pathological appetite 
is at present gaining ground. The underlying cause of this increased 
appetite is unknown. Newburgh [1934] is inclined to a psychological 
explanation while Wild er[1932] suggests an “inherited hyper-irritability 
of the hunger centres”’. ; 

In the opposite condition—unusual thinness in apparently normal 
persons—basal metabolism may be normal or slightly reduced, e.g. 
Blunt & Bauer [1922] found an average reduction of 1-9 p.c. in sixteen 
underweight college women. In patients seriously malnourished from any 
cause (excluding hyperthyroidism) all the changes listed under (A) above 
may befound[{Lusk, 1921]. Nowall these represent unsuccessful attempts 
to diminish weight loss, so that again the appetite emerges as the most 
significant factor. 

If, then, the appetite is the most important factor in disturbances of 
body weight, it appears likely that it may be equally important in the 
normal control of body weight. Indeed it seems improbable that the 
metabolic changes discussed above could be produced by such small 
fluctuations in weight as must be effective if the observed facts are to be 
explained. Du Bois [1936] has made a calculation showing the extra- 
ordinary accuracy (0-05 p.c.) with which intake and output must be 
balanced in an individual who maintains a constant weight over a period 
of 20 years. Add to this the fact that an equal precision is displayed by 
different persons whose daily requirements may vary from 2000 to over 
6000 kilocalories, and the notion of an uncontrolled or merely habitual 
intake appears to me untenable. 

Appetite for the purpose of this paper is defined as the amount eaten 
in a standard time when an unlimited diet is presented, and has no direct 
relation to gastric motility or to subjective sensations, although it must 
of course be partly dependent upon these. It may be pointed out that 
appetite in this sense and hunger are not always directly correlated, e.g. it 
is well known that some persons feel hunger keenly but are satisfied by 
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small amounts of food, and the converse is no doubt common. In spite of 
the extensive literature on hunger, which dates principally from Carl- 
son’s [1912] and Cannon & Washburn’s [1912] experiments, compara- 
tively few papers could be found dealing with the measurement of appetite 
in the above sense. 

Anorexia has been recognized for some years as the earliest symptom 
of avitaminosis B, the resulting loss of weight being the simplest method 
of detecting the onset of symptoms [Karr, 1920; Cowgill, 1921]. 
Anorexia was also produced in dogs by Rose et al. [1931] who restricted 
water intake until anhydremia developed. 

Graham & Griffiths [1931] described an unknown factor in auto- 
claved liver which was essential for normal appetite. The growth-stimu- 
lating property of liver when added to adequate purified diets was entirely 
due to stimulation of appetite [Johnson & Palmer, 1934]. 

A study on the effects of gonadectomy on rats had included measure- 
ment of the food intake with somewhat contradictory results. Thus 
Slonaker [1936] found an increased body fat in spayed animals, accom- 
panied by a fall in food intake. He concluded that the castrates ate less 
and exercised less than the normals, thus retaining a higher proportion of 
the food ingested. Holt e al. [1936] found, on the other hand, an in- 
creased food intake in the castrates, and also an increased body weight, 
due not to fat but to general growth. 

Clinical work on insulin therapy for increasing appetite in mal- 
nourished patients is also of interest, although no measurement of intake 
has usually been made in these cases. A good summary is given by 
Freyburg [1935], according to whose well-controlled experiments the 
effect is principally psychic. Three out of his eleven patients had, how- 
ever, some gain in weight due to the insulin as such. 


EXPERIMENTAL 


In the present study the plan was to present an unlimited amount of 
food to rabbits for 6 hours each day, and to measure the actual amounts 
eaten in relation to physiological and pharmacological influences. Rabbits 
have certain advantages for this work because they eat methodically and 
fairly continuously, and are little affected by psychic influences. For 
example, if food be given to a rabbit immediately after a bleeding in- 
volving some struggling, it will start eating at once, and control experi- 
ments have shown that its appetite is quite unimpaired by any ordinary 
manipulation of this sort. | 
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The food consisted of beet pulp, bran and water, mixed according 


to the directions of Mitchell & 
Pleasance [1927] and was placed 
in square cake-tins 6x6x3 in. 
which were clamped to the floor 


of the cage with detachable spring % 
clips. The weight of tin plusfoodwas ¥ 3000 


made up to 600 g. at 11 a.m. when 
the experiment was started. The tin 
was then re-weighed at 12 noon, 
2 and 5 p.m. One leaf of cabbage 
was then given to each animal and 
the food was removed, so that a fast 
of 18 hours was ordinarily imposed 
until the next feed. Hither six or 
eight rabbits were used for each 
series of tests, of about 1-2 years 
of age, and weighing 24-3} kg. They 
were specially selected by previous 
trial, as a few could not be cured 
of the habit of food spilling. Most, 
however, took kindly to the tins 
and rarely spilt any food. Each 
rabbit was housed in a separate cage 
measuring 15x 15x 16in., so that 
the amount of exercise possible was 
small and presumably fairly con- 
stant. In studying the effect of 
drugs, the “cross-over” method 
was used, i.e. four rabbits were 
given the drug and four the control 
injection of saline on 1 day, the in- 
jections being reversed on the next 
day. 

Length of fast. This was the first 
variable to be studied as it affected 


Wt. eaten (g.) 


2000 


100 


Days 


the design of the other experiments. Fig. 1. The effect of a single 90 hr. fast on 


Fig. 1 shows the effect of a single 


weight and 


appetite. Av. of 8 rabbits. 


a This is now standard diet for rabbits, and the animals appear to enjoy the food once 


they have become accustomed to it. 


| 

| 

Is, 

3-6 

100 
0-1 hr 
0 10 20 


APPETITE AND BODY WEIGHT 389 


90 hours’ fast, and it will be seen that this had the effect of depressing the 
appetite, for the first day, by about 50 p.c. using the 18-hour technique 
described above for the other days. The actual drop in appetite varied 
in the different hourly periods as follows: 


0-1 hr. ... —24 p.c. 
1-3 hr. ... .. p.c. 
3-6 hr. ... pe. 
0-6 hr. —42 p.c. 


The wes rogsined in © days nil the gain commenced 
immediately in spite of the impaired intake of food on the first day. 


100 ¢ 


0-l hr 

Period of fast (hours) 


Fig. 2. The effect of varying lengths of fast on appetite. Av. of 6 rabbits. 


Fig. 2 shows the relation between various lengths of fast and the 
amounts eaten. It is evident that the appetite reaches a maximum after 
18-24 hours’ fast, and is impaired either by increasing or diminishing this 
period. Asa result of this experiment, and also asa matter of convenience, 
18 hours was selected as the standard fast for subsequent tests. 

Water was given ad lib. in all fasts of more than 24 hours. 

3 25—2 


| 


Period of under-nutrition. In order to study under-nutrition without 
the disturbing effect of « long fast, the animals were kept on 100 g. of 


Body wt. (g.) 
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0 


0-l-hr. 
4. 
0 10 20 30 
Days 


Fig. 3. The effect of 10 days on half rations (6 rabbits). 


food per day (i.e. about half their usual amount) for 10 days, and then 
again presented with an unlimited diet. This produced a definite increase 
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of about 20 p.c., chiefly in the 0-1-hour feed, over the subsequent 8 days, 
while the previous weight was regained in 4 days (Fig. 3). | fe 

Drugs. Table I is a typical protocol of these results and illustrates the 
method employed. It will be seen from the table that 1 unit of “ pitressin”’ 
(Parke Davis and Co.) produced a 31 p.c. decrease in the first hour’s feed. 


Taswz I. Effect of pitressin on amounts eaten (g.) 
24 Sept. 1936 25 Sept. 1936 Differences 
hr. 1-3hr. O-Shr. O-lhr. 1-S3hr. O-Shr. 0-1 hr. 1-3 hr. 0-3 hr. 
95* 60 156 101 
77 
65* 174 139 89 60 
63* 58 121 82 65 
91 
63 


o 
— 
t 


62 72 134 34* 
90 67 157 42* 
85 52 137 47* 


aon 


* 1-0 unit pitressin subcutaneously 15 min. before feeding. The remaining animals 


The statistical significance of the result is shown by inspection of the dif- 
ference column, showing a change of the same sign and order of magnitude 
in each of the eight rabbits. In any case where doubt was felt on this 


Tastz II. The effect of various drugs on the appetite 


Effect as ie of control 
Drug Dosage How given 0-lhr. 1-3hr. 0-3 hr. 
Insulin* 10 unite Subcut. + 7 +13 +10 
units -81 0 -49 
A ” 1 unit ” 
Ephudrine 0 -21 - 9 
Enterogastrone 10 mg. re -27 0 -13 
” 5 Intrav -27 —14 
Glucoset 10 c.c.25p.c. Subcut 0 0 0 
o 4 c.c. 25 p.c. Intrav 0 0 0 
5 units Subcut. 
t =15 . ” 
g. dry 0 0 
Testicular capon unit o 0 
—— 0 0 0 
Normal saline 20 ©.0. ie 0 0 0 
* Blood sugar 47, 57 and 62 mg. 


Blood sugar 173 and 138 mg./100 c.c. at 1 and 3 hr. in control t. 
These drugs wee gift from MeesrsPaines and Byrne, Lid, Greenford, Middlesex, to 
whom acknowledgement is due. : 


Averages — 26 N.S. -19 
Difference as p.c. of control feed -31 0 -1 : 
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score, Fisher's [1932] “t” test was applied to the figures, and the result 
reported as 0 or N.S. if this test showed no significance, 
Table II gives a summary of the results obtained with the other drugs. 


Discussion 

Information was particularly desired on three principal points. 

First, is there any indication of a mechanism controlling the body 
weight through the appetite? I think that the results of the period of 
under-nutrition answer this question in the affirmative, for the appetite 
was increased by 20 p.c. above normal during just that period when the 
previous weight was being regained. As mentioned above, this result has 
been rather lightly assumed by many writers without any definite 
evidence, but if once established it should go far towards proving the 
importance of appetite in this connexion. 

The effect of a single prolonged fast was in sharp contrast to this, for 
it impaired the appetite by some 42 p.c. over 6 hours for the first day. 
It is interesting to note that in spite of this the previous weight was re- 
gained in much the same time (5 days). Evidently in this type of experi- 
ment the metabolic adjustments referred to above (lowered basal 
metabolism, etc.) are of importance and the intake can be temporarily 
adjusted at a lower level with equal advantage to the animal. It is as 
though nature had anticipated the physician’s advice to break a fast 
with small feeds. 

Secondly, can any light be thrown upon the mechanism of the control 
by the exhibition of drugs? The effects of glucose and insulin are of special 
interest in view of the disputed relationship between hunger, gastric 
motility, and the blood-sugar level. According to the recent review and 
experiments of Mulinos [1933], gastric motility has no relation to normal 
spontaneous variations in the blood sugar, although it can of course be 
increased by insulin and this increase can be abolished by the administra- 
tion of glucose. 

It will be seen from Table II that glucose, even by the intravenous 
route had no effect on appetite. Insulin produced a small increase 
(+10 p.c.) in the first 3 hours which is in harmony with Freyburg’s 
[1935] clinical results referred to above. The depressing effect of insulin 
plus glucose is suggestive of some general metabolic influence, perhaps 
storage of glycogen in the liver or central nervous system. 

The effect of atropine and pitressin were not unexpected in view of 
their well-known effect on gastric motility. Ephedrine has also been 
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shown to delay stomach emptying [van Liere e al. 1936]. Negative 
results were obtained with pitocin, anterior pituitary, ketodestrin, 
testicular extract and benzidrene. 

Enterogastrone, for a supply of which I am much-indebted to 
Prof. R. K. 8. Lim of Peiping, produced a definite impairment of appe- 
tite in the first hour. This substance is an extract of intestinal mucosa 
which contains the principle active in the inhibition of gastric secretion 
and motility by a fatty meal [Kosaka et al. 1932]. It was used in the 
dosage recommended by these authors (2-3 mg. per kg.). 

Thirdly, is there any drug which is likely to be of clinical value in 
controlling appetite? Insulin is the only one on the plus side, and has 
already been widely used for this purpose. Its effects in these experi- 
ments were definite but not large, and this in spite of a dosage (10 units) 
which is nearly a convulsive one in a fed rabbit. Smaller doses were tried 
without effect. Pitressin and atropine had to be given in rather large 
doses to produce any effect, e.g. the former caused slight diarrhoea in 
three out of eight animals, and the latter gave full dilatation of the pupils 

_ in the dosage employed. The effects of enterogastrone are rather transient 
and the drug is not active by mouth. 


SuMMARY 


1. Mechanisms possibly involved in the normal regulation of body 
weight have been briefly discussed, special stress being laid on the control 
of the appetite as the most important single factor. 

2. Appetite is defined for the present purpose as the amount eaten in 
a standard time when an unlimited diet is presented to the animal, and is 
not intended to denote a psychological state. A study has been made of 
the appetite in rabbits with the following results: 

(a) The appetite normally reaches a maximum after 18 hours’ fast. 

(b) Itisincreased above this maximum by a period of under-nutrition. 

(c) A simple fast of longer (or shorter) than 18 hours reduces the 
appetite. 

(d) The effects of various drugs upon the appetite have been studied. 


It is & pleasure to express my thanks to Dr R. J. V. Pulvertaft for his advice and 
encouragement. I am also indebted to the John Burford Carlill Research Fund for financial 


assistance. 
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ASCENDING SPINAL PATHWAYS OF THE 
PUPILLO-DILATOR FIBRES 


By A. A. HARPER anv B.A.McSWINEY 
From the Sherrington School of Physiology, St Thomas’s Hospital 
(Received 11 May 1937) | 


It has been shown by Bain et al. [1935] that afferent fibres in the splanch- 
nic nerves of the cat enter the thoracic portion of the spinal cord by the 
dorsal roots, the highest level of entry being the third thoracic roots. The 
reflex response used by these observers as an index of afferent fibres was 
dilatation of the pupil in animals anesthetized with chloralose. The dila- 
tation was produced by an inhibition of the third nerve nucleus. The fibres 
therefore ascend in the central nervous system at least as far as the 
midbrain. 

The purpose of the experiments to be described in this paper was to 
investigate the afferent pathways in the spinal cord of these pupillo- 
dilator fibres. 

Previous experimental investigation of visceral afferent pathways in 
the spinal cord are few and the results seem to vary with the index of 
afferent impulses used. For example, Davis [1922] stimulated the 
central end of the thoracic sympathetic chain in cats and concluded that 
the visceral afferent pathway for the vasomotor and respiratory reflexes 
which he observed, probably consisted of relays of short fibres with 
synapses in the grey matter of the spinal cord. Davis et al. [1929] 
observed that dilatation of the cystic duct and biliary ducts in un- 
anesthetized dogs produced pain reactions, respiratory inhibition, nausea, 
and vomiting. They found that the only spinal lesion, apart from com- 
plete transection, which abolished these effects, was one which included a 
considerable portion of the central grey matter of the cord, and con- 
cluded that the visceral afferent impulses were transmitted upward within 
the spinal cord by short fibres with many relays and synapses, which had 
a juxtagriseal position. Davis et al. [1932] on the other hand, studied the 
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effect of spinal cord lesions on the vomiting produced by the peripheral 
stimulant action of digitalis and concluded that the visceral afferent 
pathway for this effect lay in the ventral columns of white matter of the 
cord. 

Ranson & von Hess [1915] using reflex blood-pressure changes in 
cats, described two pathways for somatic afferent fibres, a bilateral 
pressor pathway situated in the apex of the dorsal horn of grey matter, 
and a depressor pathway, also bilateral, in the ventral part of the lateral 
columns of white matter. 

With the object of investigating the routes of the pupillo-dilator fibres 
we decided to try to interrupt the ascending pathways by making partial 
spinal cord sections of different types above the upper level of the afferent 
inflow from the splanchnic nerves. If after partial section of the spinal 
cord at the 5th cervical segment, the pupil did not dilate on stimulation 
of the central end of the splanchnic nerves, we could assume that the 
section had completely eliminated the afferent pathway. In these experi- 
ments we stimulated also the central ends of intercostal nerves with the 
object of comparing the spinal pathways of visceral afferent (i.e. splanch- 
nic) and somatic afferent (i.e. intercostal) nerve fibres. 


METHODS 


The experiments, which were all acute, were performed on cats. 
Anesthesia was induced with ether, and maintained by the intravenous 
injection of 2 p.c. chloralose (0-075-0-08 g./kg.). The animal was then left 
undisturbed for 1-1} hours. At the end of this time the pupils had usually 
constricted to a slit. The spinal cord was then transected at the 8th 
thoracic segment to eliminate stimulation of afferent fibres in somatic 
nerves from the abdominal wall. At this stage, in order to minimize 
operative procedures later in the experiment, the spinal cord was usually 
exposed in the region of the 5th cervical segment. The splanchnic nerves 
and one or more intercostal nerves were dissected out and cut, and their 
central ends stimulated either by faradic current or by pinching. After 
dilatation of the pupil had been thus elicited, sections of various types 
were made above the upper level of entry of the afferent fibres in the 
splanchnic nerves (usually at the 5th cervical segment), and the effect of 
these sections on the response of the pupil to splanchnic or intercostal 
nerve stimulation was noted. In all experiments the portion of spinal 
cord operated on was removed post-mortem, and the extent of the section 
ascertained after hardening in 10 p.c. formol saline. 
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EXPERIMENTAL RESULTS 


In our first series of experiments we studied the effect of lateral hemi- 
section in the region of the 5th cervical segment on the response of the 
pupil to splanchnic nerve or intercostal nerve stimulation. The lateral 
hemisection was made as follows. The spinal cord was first slit with an 
iridectomy knife in the sagittal axis. Fine sharp-pointed scissors were 
then inserted into the slit thus made, and a wedge of cord about } in. in 
length was removed to complete the required section. 

We found that section of the right or of the left half of the spinal cord 
did not affect the response of the pupil to stimulation of either splanchnic 
nerve, or of the right or left intercostal nerves (Fig. 1 A). 

From these results we conclude that the pupillo-dilator fibres in the 
splanchnic nerves and in the intercostal nerves pass up the spinal cord 
both ipselaterally and contralaterally. 

In our next series of experiments we studied the effect of section of the 
dorsal or of the ventral portions of the spinal cord at the 5th cervical 
segment. The technique of performing these dorsal and ventral hemisec- 
tions was similar to that described above for lateral hemisections, except 
that the cord was slit coronally instead of sagittally. 

As in the first series of experiments we found that neither ventral 
hemisection nor dorsal hemisection abolished the pupil response to stimu- 
lation of the splanchnic nerves, or of the intercostal nerves (Fig. 1B). In 
- some experiments we performed even more extensive sections including 
all but the right or left ventral quadrants of the cord, and these also had no 
effect on the pupil response (Fig. 1(C). 

These experiments showed conclusively that the afferent pathways 
for the pupillo-dilator fibres were not exclusively situated either in the 
ventral or dorsal columns of white matter, and suggested that they were 
probably situated in the lateral columns of white matter, portions of 
which had been spared in all these sections. 

‘We therefore performed bilateral sections of the lateral columns of 
white matter on a series .of animals. The technique employed in making 
the sections was as follows. The 5th cervical dorsal roots on either side 
were cut. The dura mater near the entry of the dorsal roots was picked 
up in a fine forceps, and slight traction was applied to expose the lateral 
regions of the spinal cord. The section was then made with an iridectomy 

We found that after bilateral section of the lateral columns of white 
matter, no dilatation of the pupil was obtained on splanchnic or inter- 
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costal nerve stimulation, although the pupil still dilated on pinching the 
pinna (Fig. 1E). This showed conclusively that the pupillo-dilator fibres 
pass up the spinal cord in the lateral columns of white matter, and the 


Fig. 1. Diagram of preparation used, indicating levels of cord section. A, B, C and D. Types 
of cord section at the 5th cervical segment which did not abolish dilatation of the pupil 
on stimulation of the splanchnic or intercostal nerves. E. Bilateral section of the 
lateral columns of white matter, which did abolish dilatation. 


fact that neither dorsal nor ventral hemisection alone abolished the dila- 
tation, suggested that these fibres might be found in both the ventral and 
dorsal portions of these lateral columns. To make certain of this point we 
sectioned the ventral or the dorsal portions of the lateral columns in a 
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series of animals. We found that bilateral section of the ventral portions 

of the lateral columns alone, or of the dorsal portions alone, failed to 

abolish the dilatation from the splanchnic nerves or the intercostal 
nerves (Fig. 1D). 

Collating the results of all these experiments, we conclude that the 

| visceral afferent fibres in the splanchnic nerves and the somatic afferent 

fibres in the intercostal nerves pass up the spinal cord in the lateral 

columns of white matter both ipselaterally and contralaterally, and that 

they are present both in the ventral and dorsal portions of these lateral 


columns. 
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Fig. 2. A. Dilatation of the pupil on stimulation of the right splanchnic nerve and 7th right 
intercostal nerve. Pathway for afferent impulses: 7th right dorsal root and left half of 
the cord. B. Dilatation still present after sagittal section through the 7th and 8th 
thoracic segments. C. Dilatation abolished after extension of the sagittal section 


through the 6th thoracic segments. 

Level of crossing of afferent fibres in the spinal cord. To ascertain the 
route by which these fibres which pass up in the opposite lateral columns 
cross the spinal cord, the following preparation was made (Fig. 2). The 
spinal cord was transected below the 8th thoracic roots and the 8th roots 
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were cut. The right splanchnic nerve and the 7th right intercostal nerve 
was dissected out and cut. The right sympathetic chain was cut between 
the 6th and 7th thoracic ganglia. On stimulation of the right splanchnic 
nerve, therefore, afferent impulses could reach the spinal cord only by the 
7th right thoracic dorsal root. A right hemisection was performed on the 
spinal cord between the 4th and 5th thoracic roots to eliminate uncrossed 
afferent fibres from the right splanchnic nerve and from the 7th right 
intercostal nerve (Fig. 2A). Stimulation of the right splanchnic nerve or 
of the 7th right intercostal nerve produced dilatation of the pupil. The 
spinal cord was now slit sagittally through the 7th and 8th thoracic seg- 
ments without abolishing the dilatation of the pupil in response to stimu- 
lation of the right splanchnic nerve or of the intercostal nerve (Fig. 2B). 
When the sagittal section was continued upwards through the 6th thoracic 
segment, repetition of the stimulation produced no dilatation of the 
pupil, although stimulation of the left splanchnic nerve still produced 
dilatation. 

We conclude therefore that the pupillo-dilator fibres in the 7th right 
intercostal nerve and in the right splanchnic nerve which enter the spinal 
cord by the-7th right dorsal root, cross to the opposite side of the cord in 
the 6th thoracic segment. 

That these afferent fibres cross the spinal cord only in the segment 
above that by which they enter was demonstrated on a preparation 
similar in every way to that described above, except that the right semi- 
section was made one segment lower, between the 5th and 6th thoracic 
roots (Fig. 3A). As in the previous preparation, the 7th dorsal root alone 
conveyed afferent impulses on stimulation of the right splanchnic nerve. 
After sagittal section of the cord from the level of the hemisection caudally 
through the 6th segment, no dilatation of the pupil was obtained on stimu- 
lation of either the right splanchnic nerve or the 7th right intercostal 
nerve, although the 7th and 8th segments were still intact and stimulation 
of the left splanchnic nerve still produced dilatation (Fig. 3B). 

Some information was obtained from the following experiment about 
the distribution of these fibres as they cross the midline. A preparation 
was made of the type described above, in which only the 7th thoracic 
dorsal root could conduct impulses from the right splanchnic nerve. 
A right hemisection of the spinal cord was made below the 5th roots. 
Stimulation of the right splanchnic nerve produced dilatation of the 
pupil. A sagittal section was then made from the hemisection caudally 
through the 6th and 7th segments, the section being of sufficient depth to 
pass through the posterior commissure of white matter and most of the 
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grey commissure. Dilatation of the pupil was still obtained on stimula- 
tion of the right splanchnic nerve, showing that some at least of the 
pupillo-dilator fibres cross ventral to the central canal. 
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Fig. 3. A. Dilatation of the pupil on stimulation of the right splanchnic nerve and 7th right 
intercostal nerve. Pathway for afferent impulses: 7th right dorsal root and left half 
of the cord. B. Dilatation abolished on sagittal section through the 6th thoracic 


segment. 
Discussion 


The experiments described show clearly that the pathways in the 
spinal cord of somatic afferent and visceral afferent fibres which convey 
pupillo-dilator impulses in cats anesthetized with chloralose, are identical. 
Both sets of fibres ascend ipselaterally and contralaterally in the lateral 
columns of white matter. We have not, with the pupil dilatation reflex, 
been able to verify the somatic afferent pathway in the apex of the 
posterior horn described by Ranson & von Hess [1915], who used the 
pressor response as their afferent index. While we do not wish to ascribe 
any particular sensory function to the pupillo-dilator fibres, we feel that 
it is significant that the crossing of the contralateral fibres in the segment 
above that by which they enter the cord agrees exactly with the findings 
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of Foerster & Gagel [1932] on the crossing of the fibres conveying 
pain and temperature sensation in man. We agree with these authors also 
in finding no evidence that afferent fibres cross over several segments of 
the cord as in the classical description of the Brown-Sequard Syndrome. 


SuMMARY 


1. The pathways of the afferent pupillo-dilator fibres in the spinal 
cord have been studied in the cat anesthetized with chloralose. 

2. Visceral afferent fibres from either splanchnic nerve, and somatic 
afferent fibres from the intercostal nerves ascend contralaterally and 
ipselaterally in the lateral columns of white matter. 

3. Those pupillo-dilator fibres in the splanchnic nerves and in the 
intercostal nerves which ascend contralaterally, cross the spinal cord in 
the segment above that by which they enter the cord. Some at least of 
the fibres cross ventral to the central canal. 

4. The pathways of the visceral afferent fibres and of the somatic 
afferent fibres which bring about the pupil response appear to be identical. 


The expenses of this investigation have been defrayed in part by a grant from the 
Government Grant Committee of the Royal Society. 
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THE RADIOGRAPHIC EXAMINATION OF DENTAL ° 
TISSUES IN RELATION TO THEIR 
HISTOLOGICAL STRUCTURE 


By J. THEWLIS 
From the Physics Department, National Physical Laboratory, 
Teddington, Middlesex 
(Recewed 11 May 1937) 


THE present paper is concerned with the radiographic examination of 
longitudinal sections of deciduous human teeth. The sections were stained 
in fuchsin and examined histologically, and each section was of uniform 
thickness (about 0-2 mm.). 

In consequence of the radiographic examination a number of new 
facts concerning the calcification of both enamel and dentine have been 
observed. In addition, confirmation has been forthcoming of previous 
results found by the author and by other workers. 

Certain of the results, obtained by a new method, involving the use of 
a microphotometer, have recently been published [T he wlis, 1937]. Other 
results are given below. Some of these are illustrated by microphotometer 
records, to the consideration of which a final section is devoted. 


ENAMEL 
(a) Areas of low calcium content 

Mellanby [1934] states: “The microscopic appearance of enamel 
shows many variations of which it is very difficult to interpret the sig- 
nificance, especially as the structure of perfect enamel is still a doubtful 
point. For example, it is not always possible to decide whether the dis- 
coloration of certain areas seen under the microscope is really due to 
pigment. These areas, however, appear to be imperfectly calcified; the 
term pigmentation will be used in referring to such discoloration.”’ 

Many degrees and types of “‘ pigmentation” are found and our know- 
ledge of their real significance is limited. It appears to be a fact, however, 
that the greater the degree of hypoplasia exhibited by a tooth (i.e. the 
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more the microscopic and macroscopic structure of the tooth departs from 
the ideal), the greater on the whole is the amount of histological pigmen- 
tation found in the enamel. 

In comparing enamel sections for pigmentation, only sections of 
roughly the same thickness should be considered, since almost all enamel 
will show some pigmentation if the section is sufficiently thick, in fact 
such slight pigmentation may perhaps be regarded as normal. 

By radiographic examination it is possible to detect areas of enamel 
which possess a low degree of calcification. Their X-ray absorption is less 
than that of the rest of the enamel, and hence they appear dark on the 
radiographs. It would clearly be of interest to know whether these areas 
are associated in any way with the pigmented areas referred to, and this 
question will be dealt with below. At the same time the opportunity will 
be taken of testing the usual histological view that enamel which readily 
takes up stain is characterized by a low degree of calcification. Owing 
to our ignorance of the real significance of pigmentation, and to the 
difficulties connected with staining (one of which is that the sections were 
not all stained under exactly comparable conditions), we cannot, however, 
expect to obtain more than an indication of any relationships which might 
exist between these phenomena and the degree of calcification of the 
enamel, Nevertheless, in the present state of our knowledge, such an 
indication may be of value. In this connexion it may be noted that the 
author has already shown [Thewlis, 1936] that enamel areas which are 
free from pigmentation and do not take up stain, tend to differ in the 
nature and degree of perfection of the geometrical arrangement of their 
constituent apatite crystallites, from enamel areas which are pigmented 
or stained. 

: The teeth used in the present investigation had been graded for average 
surface texture according to the method of Mellanby [1934] and were 
found to exhibit various degrees of hypoplasia. Twenty-six teeth (seven 
incisors and nineteen molars) were examined, of which three were found 
to be nearly normal (i.e. nearly perfect), ten showed a slight degree of 
hypoplasia, six were moderately hypoplastic and seven had severe hypo- 
plasia. All types, with the exception of the three nearly perfect teeth, 
which were incisors, showed pigmentation to a greater or lesser extent. 
It must be emphasized, however, that the examination is concerned not 
with the structure of the enamel as a whole but with the nature of enamel 
areas. 
It was found that, of fifty-five enamel areas seen from the radiographs 
to have a low calcium content, only seventeen (or 31 p.c.) corresponded 
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to enamel which was neither stained nor deeply pigmented. Of the other 
thirty-eight areas, sixteen were pigmented and stained, twenty-one were 
pigmented but not stained, and one was stained but not pigmented. It 
should be noted here that although the presence of staining may have a 
definite histological meaning, its absence may mean very little, since it is 
always possible that any given unstained area might have become stained 
if the experimental conditions had been different. 

The above result suggests that a low degree of calcification tends to be 
accompanied by pigmentation and possibly by ability to take up stain. 
It does not follow, of course, that pigmentation and staining tend neces- 
sarily to be accompanied by a low degree of calcification. However, this 
point can be settled by considering all the pigmented and stained areas in 
the enamel of the teeth examined, and discovering how many of these 
correspond to areas with a low degree of calcification. 

For this purpose the areas were separated into two groups, namely 
areas which were pigmented but not stained, and areas which were 
stained as well as pigmented. Only three areas were found which were 
stained and not pigmented, and these were included in the second group. 
The result of this examination is shown in Table I, in which the term 
“average calcification” means that the degree of calcification of the area 
in question is indistinguishable from that of the neighbouring enamel. 


I 
of areas 
No. of areas which have have 
Total no. Low degree 
of areas of Average of Average 
Type of area examined calcification calcification calcification calcification 
Pigmented 31 21 10 68 | 32 
Stained and - 21 17 eae 81 19 
mented (incl 
three stained only 


It will be seen that 68 p.c. of the pigmented ateas and 81 p.c. of the 
stained and pigmented areas have a low calcium content. It may be 
concluded therefore that pigmentation and a low degree of calcification 
tend to be associated. Also, since the areas which are stained as well as 
pigmented show the same tendency as those which are pigmented only, 
but to a greater extent, it may be further concluded that ability to take 
up stain also tends to be associated with a low degree of calcification, i.e. 
the usual histological view is supported. 
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(b) “Hypercaleified”’ area 

The presence of an outer layer of “hypercalcified ” enamel (i.e. enamel 
which is more highly calcified than the rest) about 0-1 mm. thick, pre- 
viously reported by the author [Thewlis, 1934], was confirmed by the 
use of the microphotometric method mentioned above. The effect had 
been stated by Hollander & Saper [1935] to be in all probability photo- 
graphic, but the author [Thewlis, 1937] has shown that although a 
photographic effect undoubtedly exists, true hypercalcification of the 
surface layer of enamel also occurs. In addition, the degree of calcifi- 
cation of the enamel was found to increase from the amelo-dentinal 
_junction outwards, a result which explains the observed differences in 
density and hardness between surface and interior enamel [Karlstrém, 
1931; Hodge & McKay, 1933]. 

The hypercalcified layer was not always present along the whole of 
the enamel surface, and in some cases the only effect appeared to be a 
purely photographic one. 

DENTINE 

Radiographic examination of the dentine revealed several features of 
its calcification which were fairly common in the teeth examined, but 
others were restricted to particular teeth. The former, which are inde- 
pendent of the degree of hypoplasia and may be regarded as general 
features of tooth structure, will be described below under appropriate 
headings, and the latter will be grouped together under one heading, the 
results being presented in tabular form. 

A certain amount of confusion has been occasioned in dental literature 
by the somewhat indiscriminate use of the words translucent and opaque. 
Whenever these words occur in the present paper they refer to the 
appearance of an uncleared section by transmitted light. The word hyper- 
calcified is used to describe an area of dentine which is more highly 
calcified than the neighbouring dentine. 


(a) The amelo-dentinal junction - 

A strip of dentine possessing a relatively low degree of calcification was 
invariably found to occur along the amelo-dentinal junction [Thewlis, 
1937]. It was found to be more or less translucent but disappeared at 
points where the enamel and dentine interdigitated, and at these points 
the radiographs were of a diffuse nature. The thickness of this shell was 
seen from the microphotometer records to be about 0-1 mm. 
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(6) Area of low calcium content in region of pulp 

In the case of molars it was found that there was a strip of dentine of 
low calcium content almost surrounding the pulp chamber but at a little 
distance from it, a result previously noted by the author [Thewlis, 1934] 
being thereby confirmed. This strip was abnormally opaque and was seen 
from the microphotometer records to correspond to a shell of dentine of 
thickness about 0-15 mm. A diagram illustrating this and other features 
generally observed in a molar is given in Fig. 1. 


Fig. 1. Features observed in all molars examined. 


The above strip was absent in incisors, but as will be seen below, all 
the incisors examined had suffered attrition and the pulp chamber was 
partially enclosed by a hypercalcified strip. It is therefore not impossible 
that a strip with a low degree of calcification would be found in incisors 
which had not suffered attrition, but this point remains to be tested. 


(c) Interglobular spaces 

It is universally recognized that interglobular spaces whether irre- 
gularly situated or arranged in the form of the so-called Owen’s lines are 
symptoms of a low degree of calcification, and it has already been shown 
[Hollander et al. 1933; Applebaum et al. 1933] that radiographic 
examination supports this view. The present results provide further con- 
firmation, if indeed this is necessary. 

(d) Reactions in primary dentine of crown 

(i) Molars. It has previously been found by radiographic examination 

(Heiwinkel, 1932; Applebaum et al. 1933] that translucent areas in 


area 
relatively low 
degree of 
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the crown which are associated with caries, are hypercalcified. This result 
is supported to a large extent by the present work in which translucent 
areas associated with caries, injury and attrition have been examined. Of 
twenty such areas examined in molars, a low degree of calcification was 
found in two cases only, and average calcification in three, but it was also 
found that dentine which was not translucent might also be hypercalcified. 
Out of twenty-seven hypercalcified areas examined, fifteen were trans- 
lucent, ten were of normal opacity and two were abnormally opaque. 

It is clear then that although translucent areas of the above type are 
in general hypercalcified, similar hypercalcification may be shown by 
areas which are of normal or even abnormal opacity. 


Fig. 2. Features observed in all incisors examined. 


(ii) Znetsors. In each of the seven incisors examined the tip had been 
worn away by attrition, and the upper portion of the pulp chamber was 
filled with secondary dentine. The latter was found, for the most part, 
to be calcified to the same extent as the neighbouring primary dentine, 
but was almost entirely separated from it by a hypercalcified strip which 
was connected to the tip of the tooth by a narrow zone of hypercalcified 
dentine. A diagram illustrating these results, together with other features 
observed in the incisors examined, is given in Fig. 2. Microphotometer 
records, taken at the places indicated in this diagram, showed that the 
hypercalcified strips were about 0-2—0-3 mm. thick. 


area 
q Area possessing. 
relatively low 
| Strip examined for 
microphotometer 
record 


RADIOGRAPHIC EXAMINATION OF TEETH 409 


(e) Secondary dentine 


The term “secondary dentine” appears to have been used originally 
(e.g. by Tomes, 1848) to denote any new calcific growth in the pulp 
chamber adherent to the primary dentine, and the original sense of the 
term has been retained in the present paper. | 

Only one of the molars possessed an area of secondary dentine suitable 
for examination ; for the most part this was calcified to the same extent as 
the neighbouring primary dentine and was partially enclosed by a hyper- 
calcified strip. Two opaque portions which had a low calcium content 
were, however, included within this area. 

In the case of the incisors, as mentioned above, the secondary dentine 
in the upper part of the pulp chamber was found, on the whole, to be 
normally calcified. Regions possessing a low degree of calcification were, 
however, often present. We have seen that this secondary dentine was 
bounded by a hypercalcified strip, and the question of whether secondary 
dentine is always bounded by a similar strip naturally arises. The results 
obtained for the eight specimens examined indeed indicate that such may 
be the case, but the matter requires further investigation. 

It may be of interest to recall that secondary dentine can occasionally 
exhibit a certain degree of preferential crystal orientation [Thewlis, 
1934], forming a structure which may be regarded in some ways as inter- 
mediate between that of enamel and that of dentine. 


(f) Translucent areas in primary dentine of root 


An extensive area of the root of a tooth is sometimes translucent. An 
examination of such areas showed that they were not necessarily abnor- 
mally calcified, although spots of dentine of low calcium content were 
found within them. Two such spots were opaque, but five were trans- 
lucent like the surrounding dentine. One example was found of a hyper- 
calcified spot which was similarly translucent. 

Previous results [Thewlis, 1934] have shown that translucent root 
dentine, like secondary dentine, may occasionally show a certain amount 
of preferential crystal orientation. 


(g) Other features 


Several additional features were observed, most of which were not 
found in more than one tooth. They cannot be conveniently grouped 
under any particular heading and are collected together in Table II. 
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Taste II 
Type of Description of area Appearance 
tooth of dentine observed light Nature of calcification 
Molar Area between caries and pulp Normal ee ne 
of L and H 
of interglobular spaces 
ws Patch in crown Possibly slightly L 
opaque 
 Stripparalleltoamelo-dentinal Opaque H 
» Two adjacent areas by side of Normal L and H respectively 
Incisor Area at side of tooth Arete See Alternately L and H 
lucent and opaque 


MICcROPHOTOMETER RECORDS 


Microphotometer records of the radiographs of certain teeth have been 
made in order to illustrate some of the results described above, and are 
reproduced in Figs. 3-7. 

The instrument employed was a Moll self-recording microphotometer, 
in which a very fine beam of light passes through the photographic film 
and falls on a thermopile, the resulting current being measured by a 
galvanometer, the deflexion of which is recorded by a spot of light on a 
moving drum of bromide paper. The drum is geared to the film holder, 
which moves so as to draw the film across the original beam of light, and 
as the thermopile current is a measure of the photographic density of the 
part of the film to which it corresponds, there is obtained on the bromide 
paper a photographic record of the variations in density across the portion 
of film examined. 

In the records reproduced, the zero line of the galvanometer is in- 
cluded. The higher any part of the record is above this line the greater is 
the X-ray absorption, and hence the higher the degree of calcification of 
that portion of the tooth to which it corresponds. Comparisons of absorp- 
tion must, however, be restricted to the same record, since the thickness 
of the tooth section, and the exposure and development of the radiograph 
are not necessarily the same for all records. 

Owing to the logarithmic nature of the laws of photographic blackening, 
the apparent variation in calcification shown by a microphotometer record 
will depend on the density of the radiograph. For a given variation in 


H =hypercalcification; L=low degree of calcification. 


RADIOGRAPHIC EXAMINATION OF TEETH 411 


Zero line 


Fig. 3. Microphotometer record showing hypercalcified outer enamel layer (A) and amelo- 
dentinal shell with low degree of calcification (B). 


low 
of calcification 


Z 


Zero line 
Fig. 4. Microphotometer record showing dentine with low calcium content near pulp 
chamber. 
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calcification, the apparent variation will be smaller the denser the radio- 
graph is, i.e. the nearer the record is to the zero line. This is seen in the 
case of Figs. 6 and 7 in which marked variations in calcification give rise 


Interglobular spaces 


| Zero line 
Fig. 5. Microphotometer record showing drop in degree of calcification associated with 
interglobular spaces. 
Secondary 
A d dentine B 

Zero line Zero line 

Fig. 6. Fig. 7. 


Fig. 6. Microphotometer record taken across hypercalcified zone. 
Fig. 7. Microphotometer record showing secondary dentine enclosed by hypercalcified strip 
to relatively slight peaks in the microphotometer records. If the radio- 


graphs had been less dense, the heights of the records above the zero line 
would have been greater and the peaks would have been more pronounced. 
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The first of the records reproduced, namely Fig. 3, shows the steady 
increase in enamel calcification from the amelo-dentinal junction out- 
wards, which culminates in the outer layer of hypercalcified enamel at A 
(the peak is also due in part to the photographic effect mentioned above). 

Fig. 3 also shows, at B, the amelo-dentinal shell of dentine with a low 
degree of calcification. There is a drop in intensity for a distance of about 
5 mm. along the length of the record, and, as a magnification of 50 is used, 
the thickness of the shell in question is seen to be about 0-1 mm. 

The strip of dentine of low calcium content, which lies near the pulp 
chamber, is shown in Fig. 4. The width of this strip is seen to be about 
8mm. on the record and hence about 0-16 mm. in the tooth. Fig. 5 
shows the drop in degree of calcification corresponding to interglobular 
spaces. 

The peak at A in Fig. 6 represents a hypercalcified strip in the crown 
of an incisor, and the peaks at A and B in Fig. 7 correspond to the hyper- 
calcified strip by which the secondary dentine is bounded. The portions of 
dentine to which Figs. 6 and 7 refer are indicated in Fig. 2. The width of 
these strips will be seen to be about 1-0—1-5 mm. on the record, i.e. about 
0-2-0-3 mm. in the tooth. 

SUMMARY 

Sections of twenty-six human deciduous teeth have been examined 
radiographically and histologically, a microphotometric method being 
employed in addition to the method of visual inspection. 

Examination of the enamel has shown that enamel areas which are 
pigmented or have taken up stain tend to possess a low degree of calci- 
fication. It has also shown that there is a steady increase in enamel 
calcification from the amelo-dentinal junction outwards, and that the 
outer enamel layer is in many cases hypercalcified. 

Examination of the dentine has shown that a thin layer along the 
amelo-dentinal junction possesses a relatively low degree of calcification, 
and that the pulp chamber in molars is found to be almost surrounded by 
a similar shell of low calcium content. 

Interglobular spaces and O wen’s lines are found to have a low calcium 
content and, in general, translucent areas, associated with caries, injury 
and attrition, are hypercalcified. Similar hypercalcified areas exist, 
however, which are not translucent, but may be of normal or even ab- 
normal opacity. 

Secondary dentine appears, on the whole, to be calcified to the same 
extent as the neighbouring primary dentine, although regions possessing 
a low degree of calcification are not uncommon. It may exhibit a certain 
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degree of preferential crystal orientation and, in the cases examined, it is 
found to be almost entirely separated from the primary dentine by a 
hypercalcified shell. In the incisors, where attrition has taken place, this 
shell is connected to the tip of the tooth by a narrow zone of hypercalcified 
dentine. 

Like secondary dentine, translucent root dentine may exhibit a certain 
degree of preferential orientation. Often it shows average calcification, 
but areas possessing a low degree of calcification and areas of hyper- 
calcification also occur. 

Other features are observed, most of which are not found in more than 
one tooth. These are presented in tabular form. 


The above work forms part of an investigation being carried out on behalf of the Dental 

Disease Committee of the Medical Research Council, to which the author is indebted for 

to publish. He would also like to express his thanks to Lady Mellanby and 

Mr G. H. Payne, her technical assistant, for supplying and preparing the specimens, to the 

former for much helpful criticism, to Dr G. W. C. Kaye for his interest and to Mr J. A. G. 
Smith for his assistance in the experimental work. 
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EXCITATION OF THE ACTION POTENTIAL OF 
A MOLLUSCAN UNSTRIATED MUSCLE 


| By C. M. FLETCHER 
From the Department of Physiology, Cambridge 
(Received 21 May 1937) 


In another paper [Fletcher, 1937] I described the histology of the 
anterior retractor of the byssus of Mytilus edulis, and the action potential 
that can be recorded from it, showing that in response to a brief electrical 
stimulus, a simple wave of negative potential is conducted over the con- 
stituent fibres which all extend from end to end of the muscle. The present 
paper is concerned with the excitation of this action potential and with 
the electric response of the muscle to galvanic and to repetitive stimu- 
lation. 

The apparatus which was used, and the procedure which was followed 
in these experiments have already been described in my earlier paper. The 
muscle was suspended isometrically in a vertical position in a special moist 
chamber, and the action potentials were recorded on smoked paper after 
amplification by a direct-coupled valve amplifier. Electrical stimuli were 
applied directly to the end of the muscle by two non-polarizable elec- 
trodes, The actual contact with the muscle was by means of small 
wooden pegs soaked in sea water. When the kathodal peg was nearer the 
recording electrodes than the anodal peg, the stimulation is referred to as 
““kathodal”; conversely, “‘anodal” stimulation implies that the anodal 
peg was the one nearer to the recording electrodes. 


The relation of the size of the action potential to the strength and 
polarity of a single stimulating discharge 
This relation is illustrated by Fig. 1 in which the size (maximum 


potential developed) of the action potential is plotted against the strength 


of stimulus (single condenser discharge) of either polarity required to 
elicit it. 
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The experiment from which these curves were derived consisted in recording, for each 
strength of stimulus, the electric response of the muscle to ten discharges at 2 sec. intervals 
and taking the average height of the last five of them. This was done in order to allow both 
for random variations in the size of successive action potentials and for the staircase effect 
(see p. 423). The groups of discharges were applied at intervals of 2 min., the various strengths 
being taken in order from lowest to highest and back again. The plotted points represent 
the mean of the two values recorded at each strength. 


+1 


Volts 


Fig. 1. Ordinates: height of action potential. Abscisse : strength of stimulus. e——e anodal 
stimulus. o——o kathodal stimulus. Stimulus: condenser discharge, RC =30 msec. 
Temp. 14°C. The arrangement of the leads is shown in this and subsequent figures 
by the accompanying diagram, the muscle being represented with the byssal end 
uppermost. 


As in striated muscle, there is a definite threshold after which the 
maximum value of the action potential is reached along an S-shaped 
curve. This maximum value, however, is rather small (only 5-6 mV.) 
while the strength of stimulus required to elicit a maximum response is 
very large; in the case of kathodal stimulation as much as 30 V. is re- 
quired with a condenser discharge of time constant (RC) 30 msec. As a 
rule the threshold at the shell (anterior) end of the muscle is lower than 
at the byssal end. 

The unusual feature of these curves is the difference between the 
anodal and kathodal stimulation. With weak and medium strengths, 
anodal stimulation is more effective than kathodal stimulation, while 
there is a reversal with the stronger stimuli, and the kathodal ones 
become more effective. This reversal is often more pronounced than it is 
in Fig. 1. It is not attributable to the effect of anelectrotonus (see p. 421) 
reducing the size of the action potential, for it is observed to an equal 
extent in any one muscle at varying distances from the stimulating leads. 
Since the action potential of this muscle, like that of any other tissue, is 
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negative in sign, it would be expected to obey Pfliiger’s law. Attempts 
were made to explain this greater efficacy of the anodal stimuli, but no 
satisfactory explanation has yet been found. 


One or two possible explanations which have been considered briefly may be mentioned 
here. 
(a) It might be that the anodal responses do not really originate from the anode but 
from the kathode beyond it. This possibility can be disproved by crushing the muscle 
between the stimulating leads. When this is done, the relation between anodal and kathodal 
responses is unchanged. Or the muscle may be stimulated in the middle of its length, and 
the distal lead (kathode) may then be moved away towards the end of the muscle. Doing 
this does not lead to any increase in the latency (conduction time) of the anodal response, as 
would be expected if it had really originated from the kathode which had been moved 
farther away. 

(6) It might be that the anodal response starts at ends of fibres lying between the two 
stimulating leads at the end of the muscle. With the rather diffuse leads that were used, a 
kathode induced at the fine ends of fibres in the interpolar stretch of muscle, where the 
current density would be comparatively great, might be more effective than a diffuse 
kathode farther down the muscle. This rather likely explanation can be disproved by stimu- 
lating the muscle in the middle of its length where there are apparently no ends of fibres. 
When this is done, the response of the anodal side of the stimulating leads remains greater 
than that on the kathodal side. 

(c) There might be two excitable systems in the muscle: intramuscular nerves and the 
fibres themselves, or two sorts of muscle fibres. One system might be responding to the 
anodal and the other to the kathodal stimulation. This possibility is made very unlikely by 
the fact that the action potentials in response to the two kinds of stimulation have the 
following characteristics in common: 

(i) They have the same conduction rate. 

(ii) In @ muscle injured at one end they show the same amount of decrement as they 
travel down the muscle. 

(iii) They have similar voltage-capacity curves. 

It is true that the kathodal action potential is often more rounded in shape than the 
anodal action potential, but this is to be expected; for the latent period (Fletcher, 1937] 
of the kathodal response at a given strength of stimulus is longer than that of the anodal 
response, and consequently the responses of the various fibres of the muscle to a kathodal 
stimulus will be less synchronous. ’ 

(d) There remains the possibility that a kathode induced in the neighbourhood of the 
anode is a more effective stimulus than the kathode itself. Gelfan [1934] described a re- 
versal of Pfliiger’s law in a frog’s sartorius muscle, stimulated by a fine pore electrode, which 
he attributed to this cause. The conditions in his experiments and in mine were far from 
_ similar, but the possibility of such an induced kathode cannot be excluded as an explanation 
of the reversal of Pfliiger’s law which I observed without closer knowledge of the current 
distribution in the muscle with leads such as I used. 


The time factor in the excitation of the action potential 
A curve showing the voltage required to produce a particular (small) 
size of response with condenser discharges of various capacities is given in 
Fig. 2, plotted on logarithmic co-ordinates. The capacities in microfarads 
have been multiplied by the resistance of the stimulating circuit in 
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thousands of ohms to obtain the time constant (RC) of the various con- 
denser discharges in milliseconds. | 
The curves for anodal and kathodal stimulation are apparentl 
identical except for a constant ordinate difference. At neither end has an 
asymptote been reached, although the curves extend over a hundredfold 
range of voltage and a thousandfold range of capacity. Within this range 
the voltage capacity curve of medullated nerve reaches a rheobase at long 


Fig. 2. Ordinates: log (voltage of stimulus). Abscissw: log (resistance x capacity): RC in 
msec, e——e anodal stimulus. o——o kathodal stimulus. Temp. 12-5°C. Arrange- 
ment of leads on the muscle as in Fig. 5. 


durations and an asymptote at 45° to the axes at short durations. The 
curves of Fig, 2 appear to be approaching these asymptotes at either end, 
but the extension of the curve in order to make certain presents technical 
difficulties. At one end the enormous voltages that are required with the 
shortest stimuli (up to 150 V. in Fig. 2) are not easy to manage if there is 
any stimulus escape at all. At the other end the longer stimuli (RC up to 
0-1 sec.) become comparable in duration with the action potential itself 
and will therefore tend to protract it: for the individual fibres of the 
muscle will respond at different moments during the course of a long — 
stimulus, so that the height of the action potential will fail as a criterion of 
the constant size of response, and a ballistic method of recording—which 
I did not possess—will become necessary. 


} 
20 
1*6 
0-6 
0-6 
0-4 
0-2 


ACTION POTENTIAL OF .UNSTRIATED MUSCLE 419 


These limitations make it difficult to give any time constant of excita- 
tion for the anterior retractor muscle. In the absence of a rheobase the 
*‘shronaxie”’ cannot be estimated, and since the curves do not conform to 


‘ Hill’s theoretical curve [1936] it is not possible to derive a value for his 


time constant & for this muscle. If, however, it be assumed that the 
curves, when extended, would reach the usual asymptotes, then the 
middle of the curve (i.e. where the slope is 1/2) gives some indication of 
the speed of the excitation processes in this muscle. In the three curves 
that have hitherto been determined, this point lies in the neighbourhood of 
30 msec, Another indication of the speed of the excitation processes may 
be obtained from the rate of conduction of the action potential which 
varies from 13 to 22 cm./sec. at room temperature. This is about 1 p.c. of 
the velocity in frog’s medullated nerve. 

The chief interest of the curves of Fig. 2 lies in the following facts: — 

(a) They are perfectly smooth. The strength-capacity curves of the 
sartorius muscle of the frog possess a “kink” [Lucas, 1907; Rushton, © 
1930] which indicates that there are two excitable systems in the muscle 
—intramuscular nerves and the muscle fibres themselves. The curves of 
Fig. 2 give no indication of there being two excitable systems in the 
anterior retractor muscle. 

(6) Both curves are closely similar. It is thus unlikely that anodal 
stimulation is indirect and kathodal stimulation direct, or vice versa. 

The action of magnesium chloride 

If the muscle is soaked for 10 min. in a mixture of 70 parts of sea 
water to 30 parts of isotonic (0-56N) magnesium chloride solution, no 
action potentials can be recorded whatever strength of stimulus is applied 
to the muscle. Smaller concentrations of magnesium depress, but do not 
abolish the action potential. The depression of the action potential is 
associated with a slight raising of the threshold, which is more marked 
with anodal than with kathodal stimulation. 

This action of magnesium might be expected to throw light on the 
question of whether the electrical stimulus is affecting the muscle directly 
or indirectly through the mediation of intramuscular nerves. At first 
sight it would appear to indicate that stimulation is indirect; for mag- 
nesium is known to have a specific curarizing effect on invertebrate 
myoneural systems. In the crab, an increase of the magnesium concentra- 
tion in the perfusate of a nerve-muscle preparation results in a failure of 
neuro-muscular transmission, though both nerve and muscle will still 
respond to direct stimulation [Pantin, 1936]. On the other hand the 
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concentration of magnesium involved in this curarizing effect is very small 
in comparison with that required to abolish the action potential of the 
anterior retractor muscle. The concentration of magnesium in ordinary 
sea water is sufficient to prevent neuro-muscular transmission in the crab, 
whereas in my experiments the muscle was always soaked in sea water for 
a long time before use, and none the less gave responses to electrical 
stimulation no smaller than those which were obtained when magnesium- 
free Ringer’s solution was substituted for the sea water. Moreover, it is 
not surprising that the excitability of the muscle should be reduced to the 
point of extinction by treatment with the higher concentrations of mag- 
nesium; for the magnesium ion is known to have a direct inhibitory 
action on muscular tissues [K atz, 1936]. 

Direct evidence that the magnesium is preventing the development 
and conduction of the action potential is provided by the result of its 
application to one end of the muscle. (This could be achieved quite 
' simply by filling the muscle chamber half-full with the magnesium 
chloride solution, when only the lower half of the muscle, which was sus- 
pended vertically, was affected.) When such a muscle is stimulated in its 
upper untreated half, it is found that an action potential may be recorded 
from above the former level of the magnesium solution, but not from 
below it. This shows that the magnesium is preventing the propagation of 
the action potential in the muscle fibres themselves, and there is therefore 
no need to explain its action by supposing that it is preventing myoneural 
transmission. Moreover, stimulation in the lower half of such a muscle 
will not produce an action potential in the upper half, as it very likely 
would if the stimulation of the muscle were indirect by means of nerves 
extending throughout the muscle. 

Whether or not the excitation of the action potential of the muscle in 
my experiments was direct or indirect cannot yet be established with 
certainty, but there is a strong probability that it was direct for reasons 
that may conveniently be summarized here. 

(a) The application of the stimulating leads directly to the muscle 
would be expected to result in direct excitation. 

(6) It is difficult to make the muscle contract in situ in the animal by 
any other means than by direct application of an electrical stimulus 
(Fletcher, 1937]. This would not be expected if the motor nerve of the 
muscle were more excitable than the muscle fibres themselves. 

(c) The soaking in sea water to which the muscle was always subjected 


before an experiment would be expected to inhibit myoneural 
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(d) The abolition of the action potential by magnesium chloride solu- 
tions appears to be due to direct action on the muscle fibres themselves 
rather than on myoneural junctions. 

(e) There are no discontinuities in the voltage-capacity curve (Fig. 2). 

(f) No observation has yet been made on the action potential which 
demands the postulation of indirect excitation for its explanation. : 

Rosenblueth e¢ al. [1936] have stated that unstriated muscle is 
electrically inexcitable. This contention has been denied by Eccles & 
Magladery [1937]. My own experiments provide additional evidence 
that unstriated muscle is directly excitable by electrical stimulation. 


Hitherto the action potential of the anterior retractor muscle has only 
been considered in response to stimulation with a single, brief shock. The 
effect of galvanic and repetitive stimulation must now be considered. 

The response to galvanic stimulation 

The electric response to galvanic stimulation is normally very simple. 
When the current is switched on, a single action potential is produced at 
both the anode and the kathode. At the anode there are no further action 
potentials until the current is switched off, when, if the stimulus has been 
very prolonged, there may occasionally be another action potential. At 
the kathode the initial action potential is often followed by a series of 
dwindling, asynchronous action potentials. This repetitive response is 
particularly likely to occur if the muscle is in bad condition. No action 
potential is ever developed at the kathode on switching the current off. 
Examples of these responses are given in Fig. 3. 

Electrotonus. In Fig. 3 there is a steady deflexion of the oscillograph 
throughout the course of the stimulus. This deflexion is in a positive 
direction with the anodal stimulus, and in a negative direction with the 
kathodal stimulus. If the action potential is abolished by the use of 
magnesium chloride, these continuous potential differences remain and 
may then be examined by themselves. Fig. 4 shows a typical record of 
the potentials at a distance of 4 mm. from the stimulating leads in response 
to the application of a potential of 4 V. to the muscle. In this case the 
muscle had just previously been soaked in a 50 p.c. mixture of isotonic 
magnesium chloride and sea water for 15 min. These potential differences 
bear a close resemblance to the electrotonic potentials which are well 
known in medullated nerves, their chief characteristics being as follows: 

(a) They are localized to the neighbourhood of the stimulating leads 
and decline exponentially down the muscle, falling to 1/e of their value in 
5 mm. 
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(6) With a rectangular applied potential they rise exponentially, 
reaching (1—1/e) of their final value in 0/20 sec. at 4 mm. from the 


See, 


Fig. 3. Electric response of the muscle to galvanic stimulation. I. The simple type of 
response: a single action potential followed by plain electrotonus. Stimulus: 3 V., 
(a) anodal, (6) kathodal. II. The anodal response is simple: the kathodal response 
consists of a series of action potentials partially fused and superimposed upon electro- 
tonus. Stimulus: 4 V., (a) anodal, (6) kathodal. 


Fig. 4. Electrotonic potentials at 4 mm. from the stimulating electrodes after magnesium 
treatment. (a) kathodal, (b) anodal. Stimulus: rectangular pulse, 4 V. see wero. 


stimulating leads, and at 15° C. They rise more slowly at greater 
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(c) Their size bears a linear relationship to the strength of the applied 
potential, at least for moderate strengths. With greater strengths this 
relation becomes complex and has not yet been fully investigated. 

(d) The positive potential—anelectrotonus—is greater than the 
negative potential—katelectrotonus—for a given strength of applied 
na The summit of “‘anelectrotonus” usually declines from its original 
level to a lower steady level which is reached in about 4 sec. (“Anoden- 
schwung”, Hecht [1931)}). 

(f) Their development is dependent on the intact structure of the 
muscle fibres. If the muscle is crushed between stimulating and recording 
leads, they can no longer be detected. 

These electrotonic potentials are also developed in response to the 
shorter stimuli, but in this case they do not have time to reach significant 
size, and may easily be overlooked. 

No particular significance has yet been found for these widely spreading 
electrotonic potentials; they are mentioned for their own interest. I am 
not aware of electrotonic potentials having been recorded from a muscle 
previously, although Morin [1931] reported changes of excitability in the 
neighbourhood of the poles of an applied current in the longitudinal 
muscles of Holothuria, which he ascribed to electrotonus. © 


The response to repetitive stimulation 


(a) The “staircase” effect, Fig. 5 shows the electric response of the 
muscle to a series of condenser discharges applied at intervals (2 sec.) 


Fig. 5. Series of half-maximal action potentials showing the “staircase effect”. Stimulus: 
condenser discharge, RC =10 msec., 4 V. Temp. 13° C. 


which are long enough to prevent any significant overlapping of the 
successive action potentials. The first nine responses are of increasing size 
and then a final level is reached which is maintained by the last six 
responses. This phenomenon could be observed in nearly every muscle 
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that I investigated, though it was very much more prominent in some 
than in others. 

The “staircase” effect is always more marked with submaximal than 
with maximal responses. This shows that it is not an artifact resulting 
from the contraction of the muscle under the recording leads; for such an 
artifact would be more noticeable with the greater contractions resulting 
from the stronger stimuli; moreover, the tension in the muscle was still 
rising when the plateau of the action potentials had been reached. The 
same fact shows that the phenomenon is not attributable to facilitation 
at a myoneural junction; for such facilitation would be independent of 
the strength of the stimulus applied to the nerve [Pantin, 1935]. Further, 
the intervals separating the successive stimuli which none the less give 
rise to a “staircase” may be as long as 4 or 5 sec., so that the effect is 
probably not to be ascribed to a summation of subliminal stimuli in the 
fibres which have the higher thresholds. No explanation of the “stair- 
case” effect can therefore be given without further investigation. 

(6) Fused action potentials. Fig. 6 shows the electric response of a 
muscle stimulated with condenser discharges of various frequencies. As 


Fig. 6. petiti lation at various frequencies. 
Stimulus: condenser discharge, RC =10 msec., 10 v., (a) 0-5/sec., (6) 1/sec., (c) aes, 
(d) 3/sec., (e) 5/sec., (f) 7/sec. Temp. 15° C. 


the frequency increases, the successive action potentials appear to fuse 
with one another much as the twitches of a muscle will fuse to form what 
may be described as an “electrical tetanus”. The fusion is usually com- 
plete when the frequency is 5/sec. or more. It would only be possible to 
decide how these fused responses arise if action potentials could be re- 
corded from single fibres, and this is a very remote possibility in view of 
their minute size. None the less the most likely mechanism is worth 
considering. 

It is almost inevitable that some real fusion of the successive action 
potentials must be occurring in these responses; for to deny it raises 
difficulties. Consider the series of maximal responses shown in Fig. 6. 
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In a there is no overlapping of action potentials: the three responses are 
almost identical and are presumably being developed in the same fibres. 
In 6 there is a small amount of overlapping: if this is impossible in an 
individual fibre it would have to be supposed that alternate responses, 
identical in appearance, are being developed in different sets of fibres. 
Similarly in c where there is still more apparent fusion, and four spikes are 
occurring within the time occupied by a whole single action potential, it 
would have to be supposed that there are four sets of fibres all responding 
to a remarkably similar extent to each other and to the original set which 
was responsible for the single responses of a. The same argument could 
be applied with still greater effect in d and e. This alternation of sets of 
fibres is most unlikely and it must, I think, be supposed that a con- 
siderable amount of fusion of successive action potentials is possible within 
a single fibre of this muscle. Just how far this fusion can go cannot be 
determined from the present evidence, but it is unlikely that it can ever 
be quite complete; for it is not easy to see how a completely smooth, 
prolonged action potential could be maintained over the length of the 
muscle by a repetitive stimulus applied to one end. The smoothness of the 
plateau of the responses of Fig. 6f must therefore mean that the fibres are 
responding asynchronously to some extent. 


Fig. 7. Electric response of the musele to repetitive stimulation showing irregular plateau. 
Stimulus: condenser discharge, RC =30 msec., 10 V., 6/sec. Temp. 15° C. 


The plateau of the fused action potential is not always as smooth as it 
is in Fig. 6f, but often shows some degree of irregularity. (The fine 
irregularities in this particular case are due to stimulus artifacts.) In 
Fig. 7 an example of a fused action potential with a less regular plateau is 
shown. Here it appears that some of the fibres are tending to respond 
synchronously to every fifth stimulus. 

It will be noticed in Fig. 6 that the summed action potential falls 
away at the end of the stimulus very nearly as fast as a single action 
potential. This indicates that the summation is not to be compared with 
the retention of negativity observed by Levin [1927] in crab’s nerve 
under repetitive stimulation, the recovery from which was very much 
slower than the recovery from a single action potential. 
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In Fig. 6 the height of the fused action potential is greater than that of 
a single one. This was always found to be so, the proportionate difference 
being greater with a submaximal than with a maximal stimulus, Use 
could probably be made of this fact in the estimation of the absolute 
refractory period of the muscle (which could not be done in the usual way 
because of the fusion of two successive action potentials): for a response 
to two stimuli would be larger if the second one fell outside the refractory 
period than it would be if it fell within it. This experiment, however, has 
not yet been attempted. 

The particular interest of these fused action potentials is that they 
provide a possible interpretation of the decline of the “initial potential”’ 
of smooth muscle action potentials described by Rosenblueth e al. 
[1936] when a repetitive stimulus is applied to the motor nerve. A series 
of fused action potentials like those of Fig. 6 recorded diphasically, would 
provide a picture very like that of these authors’ Fig. 4 (p. 391), that is, an 
initial spike, followed by a series of rapidly dwindling lesser spikes. Since 
they admit that it is impossible to obtain monophasic recording in the 
tissues that they used, the dwindling of the “initial potential” which 
they observed might well be due to a masked fusion of successive action 
potentials. 


Discussion 


In my former paper emphasis was laid on the simplicity of the action 
potential of the anterior retractor muscle and its essential similarity to the 
action potential of other tissues, and the suggestion was made that the 
supposed complexity of the action potential of unstriated muscle was 
chiefly attributable to the structural intricacy of the tissues in which it 
had hitherto been investigated, rather than to any inherent abnormality. 

In the present paper certain further properties of this action potential 
have been described which in the main support, but in part may be 
thought to detract from, this simple picture. The relation between the size 
of the electric response and the strength of the stimulus, and the transient 
or discontinuous electric response to galvanic stimulation support the 
view that the action potential in this muscle is an explosive conducted 
disturbance of an “all-or-nothing” kind as in medullated nerve. The 
difference between the voltage capacity curve of this action potential and 
Hill’s theoretical curve for medullated nerve is no serious discrepancy. 
Bogue & Rosenberg [1936] have shown that the voltage capacity 
relation of the action potential in crab’s nerve also fails to fit Hill’s 
curve, yet no one would challenge the typical nature of this action potential. 


i 
4 
| 
“4 
{ 
4 


ans @ @ @ 


ACTION POTENTIAL OF UNSTRIATED MUSCLE 427 


Nor is the fusion of successive action potentials which can take place 
in this muscle a serious abnormality. It so happens that, in medullated 
nerve, the duration of the absolute refractory period outlasts the action 
potential and thus prevents such fusion. But there is no theoretical reason 
for supposing that the partially depolarized membrane of nerve or muscle 
during the falling phase of the action potential should be incapable of 
responding to excitation and of propagating a further wave of complete 
depolarization. Since the membrane would have to recover to some extent 
before another impulse could be propagated, it is not possible to suppose 
that complete fusion of successive action potentials could ever occur, and the 
completely smooth fusion which is occasionally recorded must be due to 
asynchronous responses in the many fibres of which the muscle is composed. 

More serious doubt is thrown on the normality of the action potential 
by its relative insensitivity to kathodal electrical stimulation. Hodgkin 
[1937] has recently presented very strong evidence that, in medullated 
nerve, conduction results from the stimulation of successive regions of 
nerve by eddy currents set up in the immediate neighbourhood of the 
action potential. Now in medullated nerve the action potential may 
develop as much as 30 mV., and this potential applied to resting nerve 
for the duration of the action potential is of the same order as that re- 
quired to excite. In the anterior retractor muscle, on the other hand, the 
action potential never amounts to more than 6 mV., while the threshold 
for excitation by a stimulus applied for the duration of the action potential 
is 1-2 V. Thus the possible effectiveness of an electrical mechanism of 
transmission in this muscle might well be called in question. This objec- 
tion, however, is not necessarily valid, for the muscle is composed of very 
fine fibres surrounded by a relatively large amount of interstitial fluid— 
sea water in my experiments—which, being rich in electrolytes, provides 
an effective short-circuit to both recording and stimulating leads. It thus 
reduces the recorded potential, and raises the threshold potential for 
excitation. 

No satisfactory explanation can, on the other hand, be given for the 
relative effectiveness of anodal stimulation. It is almost inconceivable 
that the action potential of the anterior retractor muscle, being of nega- 
tive polarity and in almost every respect similar to other action potentials, 
should really provide an exception to Pfliiger’s law. It is more likely that 
some explanation will be found on more detailed investigation in the 
particular arrangement of the fibres, or in some anomalous current dis- 
tribution in this muscle: but beyond the perfunctory observations already 
described on p. 417 I have not yet attempted an analysis of this problem. 
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SuMMARY 

1. The size of the action potential of the anterior retractor muscle of 
Mytilus Edulis varies with the strength of an electrical stimulus in a 
normal way. To be effective, however, the stimulus must be powerful. 
Anodal stimulation is apparently more effective than kathodal. 

2. The voltage-capacity curve is quite smooth. It is of extended form 
and does not fit Hill’s [1936] theoretical curve. 

3. Magnesium chloride, in sufficient concentration, prevents the 
development and conduction of the action potential. 

4. Several reasons are given for supposing that in my experiments the 
muscle was responding directly to the stimulus and not indirectly by 
means of intramuscular nerves. 

5. The response to a galvanic stimulus consists normally of a single 
action potential, when the current is switched on, followed by no further 
conducted disturbances. 

6. Widely spreading electrotonic potentials are developed in the 
neighbourhood of the poles of an applied potential. | 

7. A series of action potentials separated by intervals of 2—5 sec. show 
a marked “staircase effect”. 

8. The refractory period of the muscle is sufficiently short to allow a 
considerable degree of fusion between the successive action potentials in 
response to a rapid series of stimuli. 

9. None of the facts described in this paper are in serious disagreement 
with the view that the action potential of this muscle is closely comparable 
to that of other excitable tissues, though there are interesting quantitative 
differences. 
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SOME CHARACTERISTICS OF THE ACTION OF 
~ URINE UPON AMPHIBIAN MELANOPHORES 


By 8. H. RAZA anv W. R. SPURRELL 
From the Physiological Laboratory, Guy’s Hospital, 8.E. 1 
(Received 26 May 1937) 


Our knowledge of the role of the pituitary in controlling the pigmentary 
effector system of Amphibia arose from the discovery by Hogben & 
Winton [19224] that the colour changes in Rana were largely due to 
fluctuations in the activity of a pituitary secretory mechanism under the 
influence of variations in temperature, light and humidity. They further 
showed that suitable extracts of the posterior lobe of the pituitary of 
mammals and birds as well as of Amphibia possessed a specific local 
action on the melanophores of the frog, producing maximal expansion 
both in the intact animal and in the isolated limb or piece of skin. This 
melanophoric stimulant possessed properties which differentiated it from 
the “pressor” component of pituitary extract. They showed (19225] that 
this reaction was highly specific, nicotine in relatively large doses being 
the only drug which they found to produce a similar expansion. 

Subsequent investigations served to differentiate the melanophoric 
principle from other products of the pituitary and thus the idea of a 
specific melanophoric hormone, secreted by the pituitary, became 
established. 

In recent years the possibility that this substance might be identified 
in the body fluids of subjects suffering from pituitary dysfunction has 
attracted attention. Many observers have reported that the urine of 
certain individuals possessed the power of promoting expansion of the 
frog’s melanophores. Colin & Drouet [1933] obtained positive reactions 
with urines of patients suffering from pituitary tumours, hyperthyroidism, 
and in three cases with retinal hemorrhages and chloride retention. 
Drouet et al. [1933] obtained positive reactions from patients suffering 
from migraine. Konsuloff [1934] obtained nine positive results from 
nine pregnancy urines and suggested that the reaction might be employed 
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as a pregnancy test. In these and similar records, the observers appear 
to accept the reaction as being due to the appearance of melanophoric 
hormone in the urine. | 

Jores [1933] made a detailed study of the melanophoric principle. By 
comparison with the Voegtlin standard extract of pituitary, he made 
quantitative studies of the melanophoric response with preparations 
subjected to various chemical and physical manipulations and applied to 
small isolated fragments of standardized frog’s skin. In this way he was 
able to classify a large number of properties which justified the establish- 
ment of the melanophoric hormone as a separate entity exerting a highly 
specific influence upon the melanophores of the frog. In the light of this 
knowledge he [Jores, 1936] examined the melanophoric reactions pro- 
duced by certain urines and came to the conclusion that they did not 
contain the melanophoric hormone because they differed in certain 
characteristic properties. Incubation with trypsin, irradiation with 
ultra-violet light-and shaking up with charcoal all remove or inactivate 
the melanophoric hormone of pituitary extract, but these manipulations 
did not invariably abolish the urinary reaction. Furthermore, melano- 
phoric hormone, injected into the circulation, could be identified in the 
blood but not in the urine, whereas the blood of subjects with a positive 
urine contained no melanophoric hormone. For these reasons he con- 
cluded that the urinary reaction was non-specific, i.e. it was due to some 
condition other than the presence of the melanophoric hormone. 

Our attention was drawn to this urinary reaction by Konsuloff’s 
suggestion that it might be employed as a test for pregnancy. We have 
examined the urines of many subjects, pregnant and non-pregnant, male 
and female, and the results of these examinations are presented in this 
paper. Furthermore we have examined some of the characteristics of this 
reaction in the light of Jores’s views on non-specificity. 


METHOD 


As the reaction of the medium affects the degree of melanophoric 
response, all urines tested have been adjusted to pH 7-2 unless otherwise 
stated. As test object the contracted dermal melanophores of Rana have 
been employed and we have used various methods of assay of the melano- 
phor expanding activity, namely that on hypophysectomized frogs 
[Konsuloff, 1934], on intact pale frogs [Hogben & Slome, 1931], on 
Ringer-perfused limbs [Fenn, 1934] and on isolated skin [Jores, 1933]. 
All methods give comparable results but we have found intact pale frogs 
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or Ringer-perfused limbs most convenient. To test the activity of urines, 
we have injected 1-2-5 c.c. into the dorsal lymph sacs of pale frogs in 
groups of four, taking the “‘melanophoric index” [Hogben & Slome, 
1931] of the web as our indicator. We have arbitrarily classified our 
reactions as ‘‘strong”’ if the alteration in index exceeds 2-and as “‘ weak” 
if the change lies below that figure. In our studies of the factors affecting 
the reaction we have used Ringer-perfused limbs. 


RESULTS 
Incidence of the melanophoric reaction in urine. The urines of 46 pregnant 
and 52 non-pregnant healthy adults have been examined and the results 
are recorded in Table I. Attempts to correlate the occurrence of positive 
reactions with age, sex or colour have failed to demonstrate any rela- 
tionship. 
Tasue I. Incidence of urinary reactions Proportion of 


No. of No. of positive Law 
Source of specimen cases reactions p.c. 
Male 34 14 41 
Female (non-pregnant) 18 6 33 
Average (non-pregnant) 52 20 38 
Female (pregnant) 46 45135 ret, 98 


Characteristics of the reaction. In order to determine some of the 
characteristics of the urinary reaction for comparison with the properties 
of the melanophoric hormone, pooled pregnancy urines were employed. 
The potency of the urine was first tested by the perfusion method, the 
urine then subjected to various conditions and the resulting potency 
tested by a repetition of perfusion. 

The reaction appears unaffected by acidification to pH 5, but further 
acidification leads to a progressive diminution in the response elicited. 
Boiling the urine with N/10 HCl for half an hour does not abolish the 
reaction. Treatment with alkali seems to enhance the reaction. 

The reaction is completely abolished if the urine is shaken up with 
charcoal or a fine precipitate of benzoic acid. Dialysis through collodion 
or cellophane yields a dialysate which is quite inert and the residue within 
the dialyser is also inactive. This suggests that adsorption is responsible 
for the removal of the active component. 

Incubation with trypsin and alkali for 2 hours usually has no effect 
upon the reaction; in two cases, however, the reaction was markedly 
diminished or abolished. Control incubation of the urine with trypsin, 
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alkali and powdered fibrin showed that, with the exception of te above- 
mentioned two cases, protein digestion did not occur and the urines 
presumably contained some antitryptic factor. 

Attempts were made to concentrate and separate the active principle 
concerned. Positive urines were concentrated in vacuo but no very definite 
increase in potency was demonstrated ; apparently this was not due to any 
gross destruction of the principle, for redilution of the concentrate to its 
original volume gave reactions similar to that of the original urinary 
sample. All attempts to separate the principle have failed. Adsorption 
on charcoal, collodion and benzoic acid effectively removes the active 
principle, but the recovery of the principle from the adsorption “ompound 
has not been achieved despite numerous modifications in method. 


Discussion 


The expansion of the melanophores of the frog can be produced by 
the urines of a large percentage of normal subjects so that any necessary 
association between a positive reaction and some disturbance of the 
pituitary need not be considered. In pregnancy the incidence of positive 
reactions is markedly increased, but its common occurrence in the non- 
pregnant invalidates the reaction as a pregnancy test. Konsuloff’s 
small series of pregnancy urines gave 100 p.c. positive reactions but Jores 
quotes a larger series in which 62 p.c. were positive: the discrepancy be- 
tween that figure and our 98 p.c. may depend upon the sensitivity of the 
test employed and his figure may be related to the 60 p.c. of “strong”’ 
positive reactions we obtained. All attempts to correlate the distribution 
of positive reactions in non-pregnant subjects with such variants as age, 
sex or colour have failed, nor does it appear to be related to urinary reaction 
or specific gravity. 

The question as to whether the reaction depends upon the presence of 
the specific melanophoric hormone or upon some non-specific principle 
can only be answered by a comparison of the known properties of the 
hormone with the characteristics of the urinary reaction or of its isolated 
principle. At the present time the results of such a comparison are in- 
conclusive, but certain points of similarity and apparent difference have 
been established. 

The most important property of the melanophoric hormone is its 
capacity for promoting the expansion of the frog’s melanophores and in 
this capacity the urinary reaction is apparently similar. The melanophoric 
hormone is stable in moderately acid solutions, slowly destroyed in strong 
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acid, stable and even of enhanced potency in alkali; with all these charac- 
teristics the urinary reaction corresponds. The melanophoric hormone is 
adsorbed by charcoal and will not pass through a collodion membrane: 
again the urinary reaction corresponds. 

Melanophoric hormone is destroyed by incubation with trypsin but — 
usually the urinary reaction withstands such digestion. This difference 
was one which led Jores to doubt the specificity of the reaction, but it 
receives a simple explanation when it is realized that these very urines 
contain some antitryptic principle. What is really more significant is the 
fact, observed by Jores and ourselves, that in some urines the positive 
reaction is completely abolished by trypsin, thus suggesting that there is 
a component of the reaction which can, under certain circumstances, be 
destroyed by tryptic digestion. Our experiments suggest that the re- 
quisite circumstance is the absence of the antitryptic property in urine, 
for protein digestion proceeds normally in those urines in which trypsin 
abolishes the melanophoric reaction. 

Another fact which led Jores to doubt the specificity of the reaction 
was his ability to regain the melanophoric principle after adsorption with 
kaolin and his inability to regain anything from similar adsorbing agents 
used to inactivate a positive urine. We have failed in like manner to regain 
any active principle after adsorption from a positive urine, but the well- 
recognized difficulties of elution do not make this discrepancy quite so — 
formidable, especially when it is appreciated that recovery of the melano- 
phoric hormone itself has failed after adsorption with agents other than 
kaolin. 

The fact that the urinary reaction is abolished by dialysis and by 
adsorption on charcoal, benzoic acid and collodion suggests that it 
depends upon the presence of some substance or substances of large 
molecular size. The abolition of the reaction by trypsin, when the urine is 
not antitryptic, suggests that this substance is related to protein. 

As far as these investigations go, there is nothing really incompatible 


_ with the idea that the urinary reaction depends upon the presence of 


melanophoric hormone in the urine. It may be in a form which differs 
from that found in direct pituitary extracts but it agrees with many of the 
characteristics of the hormone. The question cannot be settled until the 
active principle can be separated from the urine. 
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SuMMARY 
1. Melanophoric expansion in the frog can be produced by the urines : 
of 38 p.c. of normal people. 
2. In pregnancy the percentage of positive reactions is increased | 
to 98. 
3. The characteristics of the reaction are not incompatible with its 
dependence upon the presence of the melanophoric hormone in the urine. 
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MAINTENANCE BY CESTRIN OF THE LUTEAL 
FUNCTION IN HYPOPHYSECTOMIZED 
RABBITS 


By J. M. ROBSON 
From the Department of Pharmacology, University of Edinburgh 
(Recewed 27 May 1937) 


In previous experiments it was found that pregnancy could be main- 
tained in hypophysectomized rabbits by the administration of proges- 
terone. When the pituitary had been removed in the early stages of 
pregnancy atrophy of the corpora lutea occurred rapidly, but when the 
hypophysectomy had been performed in the later stages of pregnancy, no 
rapid atrophy of the corpora lutea took place, and at parturition the 
corpora were similar to those found in non-hypophysectomized animals. 
It appeared likely, therefore, that during the later stages of pregnancy 
some factor was operating which maintained the structure of the corpus 
luteum, and evidence was obtained that this was not due to gonadotropic 
hormones produced outside the pituitary [Robson, 1936a, 19376}. 

The present series of experiments was then undertaken in which it was 
found that the luteal structure and function could be maintained in 
hypophysectomized pseudo-pregnant rabbits by the administration of 
cestrone. After the present series of experiments had been completed the 

published results of Westman & Jacobsohn [1937] came to hand. 


METHODS 


Mature rabbits of various breeds were used. Pseudo-pregnancy was 
induced by the intravenous injection of a gonadotropic preparation from 
human pregnancy urine, and the presence of corpora lutea in the ovaries 
determined at a subsequent laparotomy. Hypophysectomy was per- 
formed by the orbital route [Firor, 1933] and the completeness of the 
operation checked by subsequent macroscopic examination of the sella. 

(Estrone and cestradiol (kindly supplied by Dr White of Parke, 
Davis and Co., and by Dr Macbeth, of Organon, Ltd.) were injected in 
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oily solutions subcutaneously twice a day. In one control experiment 
testosterone proprionate (for which I am indebted to Dr Miescher of 
Ciba, Ltd.) was injected. 

Further laparotomies were performed at various periods after hypo- 
physectomy and one ovary and a piece of uterus removed for histological 
examination. The mammary gland was dissected for weighing according 
to the method of Hammond & Marshall [1930]. 

The degree of progestational proliferation in the endometrium was 
estimated as previously described [Robson, 19366]. 


RESULTS 


The results are shown in Table I. It will be seen that the luteal 
structure and function were maintained for periods up to 13 days in 
animals hypophysectomized at various stages of pseudo-pregnancy. The 
state of activity of the corpora lutea was determined not only by their 
histological appearance but also by the condition of progestational pro- 
liferation of the endometrium resulting from the action of the luteal hor- 
mone progesterone. The microphotographs in PI. I, fig. 1 show the condi- 
tion of the corpus luteum and of the uterus 6 days after hypophysectomy 
in an animal (815) treated with cestrone. In animals in which the pituitary 
was removed on the 7th day and on the 11th day after the ovulatory 
injection cestrone caused the luteal function to be maintained beyond the 
normal duration of pseudo-pregnancy. Thus in two animals (815, 817) 
examined on the 16th day after the ovulatory injection appreciable 
progestational proliferation was still present. Such proliferation is 
obtained at that stage of pregnancy but not of pseudo-pregnancy [Knaus, 
1930}. Pl. II, fig. 2 shows the condition of the corpus luteum in an 
cestrone-treated animal (791) on the 20th day of pseudo-pregnancy and 
11 days after hypophysectomy. The condition is similar to that seen at 
the same stage of a normal pregnancy. 

The luteal function in hypophysectomized animals was maintained 
by the injection of 10y of cestrone or of 5 of cestradiol per day. When the 
dose of cestrone was decreased to 2y per day the luteal structure and 
secretion was not continued (834). No luteal activity was present 6 days 
after hypophysectomy in an animal (830) treated with 1:0 mg. per day of 
testosterone proprionate or in untreated rabbits (818). 

In all the animals in which the luteal activity was maintained the 
mammary gland did not regress. In the two animals in which the luteal 
function was continued beyond the normal duration of pseudo-pregnancy 
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the mammary gland was weighed at post-mortem. In 802 (weight of 
animal =3-16 kg.) the gland weighed 35 g. while in 791 (weight of 
animal = 2-58 kg.) the gland weighed 29 g. A section of the gland of 791 
on the 20th day after the ovulatory injection is shown in PI. II, fig. 2B. 

Since it has been previously found [Robson, 1937a] that removal of 
the pituitary rapidly leads to a loss of the capacity of the ovary to react 
to the injection of gonadotropic hormone, experiments were made to 
determine whether the administration of estrone could maintain the 
ovarian reactivity as well as the luteal function. Two rabbits (807, 811) 
were hypophysectomized and received 5y of cestrone twice a day until 
the end of the experiment. Three days after the operation they received 
an intravenous injection of 3 mg. of a preparation of human pregnancy 
urine (M2), the ovulatory dose of which was about 0-5 mg. No effects 
were produced on the ovaries. Three hypophysectomized rabbits in which 
the luteal function was being maintained by cestrin were also injected 
with gonadotropic hormone. Animal 819 was injected with 5-0 mg. of the 
preparation M2 on the 3rd day after pituitary removal and 2 days later 
one small hemorrhagic follicle was found in each ovary. 823 received 
5-0 mg. of M2 on the 4th day after hypophysectomy and this produced 
no effects on the ovaries. 833 also received 5 mg. of M2 on the 5th day 
after pituitary removal without any effects on the ovaries. Hence it can 
be concluded that cestrone does not maintain the normal ovarian re- 
activity to gonadotropic hormone even when the luteal function is being 

Discussion 


The question arises whether the maintenance of the luteal activity is 
normally due to the action of cstrin. In a previous investigation 
[Robson, 1937a] it has been shown that the administration of gonado- 
tropic hormone to animals hypophysectomized during pseudo-pregnancy 
resulted in a continuation of the luteal secretion, and it appeazed likely 
that the corpus luteum was under the direct control of the anterior 
pituitary gonadotropic hormones. The present experiments suggest the 
possibility that the anterior pituitary lobe controls the luteal activity not 
directly, but through the production of cestrin. Further investigations on 
this question are in progress. 

The experiments also suggest that the prolongation of pseudo- 
pregnancy obtained by Allen & Heckel [1936] with cstrin in non- 
hypophysectomized rabbits was due to an action on the corpora lutea 
and not to the stimulation of the anterior pituitary. 
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SuMMARY 


The administration of oestrone or cestradiol to rabbits hypophysec- 
tomized during pseudo-pregnancy results in a maintenance of the luteal 
structure and secretory activity. The normal capacity of the ovary to 
react to gonadotropic hormones is not maintained. 


The expenses of this research were defrayed by a grant from the Medical Research 
Council. 
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EXPLANATION OF PLATES ! AND I! 


Prats I 


Fig. 1. Microphotographs of the corpus luteum (A) and of the uterus (B) of a pseudo- 
pregnant animal (815) 6 days after hypophysectomy. This animal was injected with 
10y of estrone per day. A, x30; B, x 18. 


Prats II 


Fig. 2. Microphotographs of the corpus luteum (A) and of the mammary gland (B) of a 
peeudo-pregnant animal (791) 9 days after hypophysectomy. This animal was injected 
with 10y of cestrone per day. A, x 25; B, x7. 
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OXIDATION OF GLUCOSE AS FUNCTION 
OF ITS SUPPLY 


By M. WIERZUCHOWSKI 


From the Institute of Physiology of the John Casimir University, 
Lwéw, Poland 


(Received 31 May 1937) 


THE laws of the total utilization of glucose introduced by vein at constant 
speed in normal resting dogs over a large range of the rates of supply have 
been described previously [Wierzuchowski, 19364]. The infusion rates 
covered were from 1 to 9 g./kg./hr. and the blood-sugar concentrations 
produced by them reached the value of 3800 mg./100 c.c., which appears 
to be the lethal concentration [Wierzuchowski, 1936 6]. With the rate 
of supply amounting to some 5 g. glucose/kg./hr., the highest limit of 
resting assimilation was encountered, and this was no longer exceeded 
when the rate of glucose supply and of glucose concentration in the 
internal medium was raised far above the critical limit. In the present 
work we intend to show whether there exists also alimiting rate of glucose 
oxidation when glucose supply and its concentration in the body is 
raised in a resting normal dog. Therefore the determinations of the 


respiratory exchange were performed on some of the dogs used in the 
earlier work mentioned above [Wierzuchowski, 1936a]. 


METHODS AND THEIR VALIDITY 


The methods of glucose infusion, blood sampling, blood and urine 
analyses, and of the administration of the diet, were described in the | 
author's former work [19364]. Only the methods concerning the respira- 
tory exchange will be given here. 

Two mongrel adult bitches, Ordo. and Andro., of regular bodily 
shape, were trained for about 1 year before the experiments were started. 
On the day of experiment, early in the morning, and always exactly at 
the same time, an enema of definite volume of tepid water was administered 
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to the dog to wash out feces, which were almost ready to be expelled 
after the last meal given between 1 and 2 p.m. on the preceding day. Two 
hours later, after a short walk, she was laid down on a comfortable 
cushioned table in the room where she had formerly been trained. The 
temperature of the room was 26° C., with a variation of + 0-3°. A catheter 
was introduced into the bladder, the urine was washed out, and the 
collection of the preliminary N sample started. Under novocain anesthesia 
two small skin incisions were made for isolation of the veins, one for the 
cannula and one for blood sampling. 

After 2 hr. rest the first basal determination was made. An open 
circuit system was used, A rubber mask, constructed especially for each 
individual, was put on the dog’s mouth, which had been shaved long 
before the test. The mask had a large rubber cushion perfectly fitting the 
dog’s mouth and leaving as little dead space as possible. The tightness 
of the Sadd flutter valves, as well as that of all the connexions, and of the 
large well-balanced spirometer for the collection of the expiratory air, was 
checked carefully for each experiment. As the inspiratory, outside garden 
air was used, conducted by tubing, which was protected against wind. 
For each determination the mask was put on separately, its tightness on 
the dog’s mouth being tested each time with due care. This is the point of 
technique on which the correctness of the results largely depends. It 
requires much experience and patience both on the part of the experi- — 
menter and on the part of the animal. Even when the basal conditions are 
most carefully observed, the r.q. depends largely: (1) on the manner in 
which the mask is put on the dog’s mouth, (2) on the length of time it is 
left on the dog’s mouth, and (3) on the frequency of its application during 
the day. 

The further steps were performed according to the indications of 
Boothby & Sandiford [1920] with all the precautions recommended 
by these authors. The determination proper lasted usually 10 min. During 
the experiment the dog was slightly covered, lying always in the same 
position in order to make her heat-radiating surface uniform [Bohnen- 
kamp, 1932]. Two to four basal determinations were performed, during 
which the number of respirations was measured several times. For each 
determination body and outside temperature and barometer were read. 
When the preliminary values were established, glucose infusion was started, 
and precisely at this moment a collection of the expiratory air was begun 
again. During a 6 hr. glucose infusion the respiratory exchange was deter- 
mined at the beginning of each hour. It was not found desirable to make 
more frequent determinations, which would have resulted in irritating the - 
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skin and immediately influencing unfavourably the R.9.’s. After the in- 
fusion was concluded the determinations were continued until the specific 
dynamic action of glucose was over, i.e. usually during the 7 hours which 
followed the end of the infusion, this term being prolonged only when 
necessary 


the experiments the dogs avoided every movement except 
that caused by respiration. After the experiment they remained normal 
and ate the ample meal given them. Thirty-six respiratory experiments 
were performed. 

Air analyses were made at least in duplicate on Haldane burettes, 
checked daily on outdoor air (accepted limits: 0-03-0-04 p.c. CO,, 20-92- 
20-94 p.c. O,). 97 p.c. of the analyses were accurate within + 0-01 p.c. of 
the sample volume, i.e. within + 0-5 p.c. of the total value of the increase 
or decrease of the gas concentration found in experiment. 

Calculations were performed according to the rules of indirect calori- 
metry [Lusk, 1931la], with the help of planimetric interpolation. Plani- 
metric calculation, in comparison with the ordinary one, gave an error not 
higher than +0-4 p.c., as may be judged from the following: 


Percentage of the 
Value examined Absolute error whole value 
Heat +0-08 cal./hr. +0-33 
B.Q. +0-0027 +0-38 


In these calculations the values for protein metabolized were found 
from the urine N, determined by macro-Kjeldhal procedure. Three por: 
tions of the urine N were collected (Table I): (1) the preliminary sample 


Tass I. Nitrogen elimination in urine by the dog Andro. in connexion with intravenous 
glucose supply at various rates. Average of fourteen experiments 


N in urine 
Glucose 6 hr. of During 7 hr. after 
rate Preliminary "aces infusion 

g-/kg./hr. g./hr. g./hr. g./hr. 
Saline infusion 0-132 0-494 0-090 
| 0-167 0-150 
2 0-155 0-173 0-093 
3 0-057 0-188 0-068 
4+ 0-168 0-305 0-078 
5 0-160 0-267 0-034 

6 0-141 > 0-134 0-226 > 0-280 0-074 > 0-067 
7 0-068 0-249 0-058 
8 0-134 0-352 0-093 


(before infusion), (2) a specimen during infusion (accumulative 6 hours’ 
sample), and (3) the final post-injection portion. The only portion which 
seems to correspond to the metabolized protein is the preliminary one. 
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The two other fractions are a result of undetermined interplay between at 
least two factors: 

(1) Washing out of N by the increased flow of urine is.shown by the 
fact that roughly there is some proportionality between the rate of 
glucose infusion and the increase of urine N in the infusion period over the 
preliminary value (Table I). With the increasing rate of glucose supply 
the volume of fluid introduced also increases, glucose solution being 
administered always at the same concentration. 

(2) The second factor is the N sparing action of glucose, recognizable 
by the fact that N elimination with saline was much greater than with 
any tate of glucose infusion (Table I). For the higher rates of infusion the 
average N elimination was 0-280 g. N/hr. in comparison with the pre- 
liminary value, which was 0-134 g./hr. The increase was twofold. In 
saline experiment the N rose from the basal value of 0-132 to 0-494 g./hr. 
—a fourfold increase. 

Therefore the preliminary portion of urine N was used exclusively for 
the indirect calorimetry calculations. But in this way the N-sparing 
action of glucose infused was neglected, so that the error thus caused 
should be estimated. This was done in a series of experiments performed 
_ for some other purpose (Table IT). The average N-sparing action under 


Tasxz II. Nitrogen-sparing action in two dogs during continuous intravenous 


. injection of glucose at 6 g. rate during 10 hr. 
N spared 
N spared 
Wt. of Total N  assimi- N to c.c.O, g. glucose 
dog spared iated assimilated per kg./hr. per kg./hr. per kg./hr. 
Dog kg. g- g- g- g- 
Colomb. 1240 1-222 315-33 000388  0-00667 39-0 0-0523 
Penel. 12-08 


0-416 318-19 000131 0-00229 13-6 0-0182 


Average 0-00260 8460-00443 26-3 0-0353 


the influence of a high dosage of intravenous glucose amounts to 
0-00443 g. N/kg./hr., which equals 26-3 o.c.O,. Such an amount of O, may 
have been ascribed erroneously to the protein combustion per kg./hr. It 
corresponds to 0-035 g. of glucose oxidation. If the largest value of 
glucose oxidized per kg./hr. is about 0-7 g., the minus error thus made is 
about 5 p.c. The correct value should be perhaps 0-735 g./kg./hr. This 
error is, however, too small to invalidate our results. 

There are also some other errors introduced by non-consideration of 
the N-sparing action: the non-protein z.Q. is slightly raised; the total 
heat is influenced only negligibly. At the peak of the N-sparing action of 
glucose protein supplies, on an average, only about 3 p.c. of the total heat 
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production. This value corresponds closely to the quantity obtained by 

Wierzuchowski & Ling [1925] on a hog fattened by carbohydrate diet. 
Some additional checks on our technique will be shown in the following 

sections (fractionated ventilation, fasting non-protein B.Q., etc.). 


RESULTS 


(1) Average ventilation rate and fractionated ventilation 
during full glucose action 
The average ventilation rate, followed throughout the experiment, 
shows an increase, at the beginning, of glucose infusion, which, during the 
progress of infusion, attains a degree characteristic for each infusion rate, 


| 


c.0. 


Volume of 


Glucose infusion rate, g./kg./hr. 


Fig. 1. Mean ventilation rate in two dogs during the fourth to sixth hour of glucose infusion 
at constant rate of 1-9 g./kg./hr. 


whereupon, after the exogenous glucose supply is over, it returns more or 
less slowly to the basal level. The most significant part of this curve is 
then the peak value in comparison with the initial one (183 c.c./kg./min.). 
Up to the infusion rate of 5 g./kg./hr. there are in general definite 
quantitative relations between the glucose supply and the ventilation 
(Fig. 1). At this point, however, the maximum ventilation is attained, 
419 c.c./kg./min., and a further rise of glucose supply even up to the rate 
of 9 g./kg./hr. does not produce any significant increase of the ventilation. 

As a test for the validity of the z.9.’s the ventilation rate during the 
10 min. of the determination was fractionated, the spirometer tape being 
read each minute (Table III). The temperature of the spirometer, how- 
ever, was not read for each minute separately. When we compare the 
average ventilation for the first 5 min. with the mean value for the second 
5 min., there is always a somewhat larger ventilation rate during the 
second 5 min. (Table III). In the basal determination this increase 
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TaBxz III. During the 10 min. respiratory test the approximate ventilation rate was read 
each minute. Only the average values for the third to sixth hour of glucose infusion at 
various rates are given in litres of expired air per minute. Dog Ordo., 10-5 kg. body 
weight. Average of eleven experiments 


Glucose A values A 
rate First Second protein 
1 -2 3 4 & © 7 8 9 W Smin. 5mm. 
0 2-08 2-12 2-07 2-13 1-09 2-16 2-17 2-17 2-16 209 208 215 0-718 
1 2-44 2-44 2-43 2-43 2-49 2-49 2-58 2-58 255 255 245 2-55 1-002 
2 2-78 2-78 2-67 2-67 2-74 2-74 2-77 2-77 2-88 288 2:73 281 0-977 
3 3-22 3-22 3-01 3-01 3-13 3-13 3-15 3:15 3-21 3-21 312 317 0-999 
4 3-43 3-04 3-03 3-15 3-08 3-07 3-42 3-28 3-27 3:33 315 327 #1020 
5 3-78 3-60 3-60 3-48 3-58 3-57 3-51 3-37 3-70 3-64 341 3-57 1-039 
6 4:39 4-06 423 3-84 419 4-16 408 448 415 3-98 4-14 417 1-053 
7 4:12 4-23 4:12 410 438 4-14 4-23 419 417 432 419 42) 1-019 
8 4-12 4-14 4-03 4-22 400 420 433 4-41 431 4:70 4-10 4:39 1 
9 410 428 439 445 403 441 434 424 461 483 425 449 °#1-048 


amounts to 3-3 p.c. of the value obtained during the first 5 min., and 
during glucose infusion up to 7 g./kg./hr. on average 2-6 p.c. With the two 
highest rates of supply the increase is somewhat larger: 7-1 and 5-6 p.c. 
Whereas the slight increases could be ascribed to the slow heating up of 
the air in the spirometer not corrected for temperature, the somewhat 
larger increases at the two highest rates show, perhaps, that the sensory 
stimulus of the mask is less tolerated. : 

If there is, however, any slight washing out of CO, in such determina- 
tions, it is not noticeable, since our basal R.Q.’s are as close to the fat level 
as obtainable in such experiments and the R.Q.’s at the advanced stage of 
glucose action between 4 and 9 g. rate of infusion are consistently alike. 
Moreover, if there were a certain volume of CO, eliminated over unity it 
would not invalidate our results, for the r.Q.’s in most parts of all the 


present experiments are over unity in any case. 


(2) Undifferentiated respiratory exchange 


It lends our conclusions a certain directness which cannot be under- 
estimated that most of the facts described later on, and based on elaborate 
values prepared according to the rules of indirect calorimetry, may be 
deduced already from the coarse undifferentiated volumes of O, consump- 
tion (Fig. 2), CO, elimination (Fig. 3) and the r.g. Concerning these, no 
such doubts can be raised as may exist in the case of the figures obtained 
by means of indirect calorimetry. 

(a) O, consumption. Under the influence of the increasing glucose 
supply the O, consumption rises over basal only to a certain limit (Fig. 2). 
This limit of increase amounts to 0-22 1. O,/kg. body weight per hour and 
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is not surpassed when the glucose supply is increased from 6 to 9g./kg./hr. 
The curves for the corresponding rates intermingle on Fig. 2. During the 
second hour of infusion the values show a peak, after which some of them 
drop slightly. Most of the values reach the initial level within 7 hr. after 
infusion, with the exception of values for 9 g./kg./hr., when there is some 


retention of glucose (Fig. 2). On returning to the basal level some of the 
curves drop somewhat below it. 


Fig. 2. Increase of O, absorption in two dogs as result of continuous infusion of glucose at a 


rate of 1-9 g./kg./hr. Values represent increases over the basal level. Numbers denote 
injection rate. 


(6) CO, elimination. The values for the increase of CO, elimination are 
more regular than those for O, consumption. The higher the infusion rate, 
the greater is the increase of CO, elimination (Fig. 3). This.connexion 
ends at 6 g. rate. Between the rates of 6 and 9 g./kg./hr. there is no more 
increase of CQ, elimination. The highest increment thus obtained amounts 
to about 0-33 1. CO,/kg./hr. It is almost 50 p.c. higher than the highest 
increase of O, consumption in Fig. 2. This is because the r.g. is changed 
from the fat to carbohydrate level, which requires about 0-10 1. of addi- 
tional CO,/kg./hr. Because the rise in toto is higher than that of O, 
consumption, it also lasts longer and therefore does not reach the basal 
line within the observation period. 
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(c) Respiratory quotient. The undifferentiated k.9. is only slightly and 
regularly lower than the differentiated one, and shows all the same 
features as non-protein R.Q., which will be analysed in the following 
sections. 


Litres of ©05/kg. 


Aa 


Glucose infusion 
Hours of experiment 


Fig. 3. Increase of CO, elimination over the basal level, considered as zero, in two dogs, in 
connexion with continuous infusion of glucose (1-9 g./kg./hr.). Numbers at each dot 
signify the rate of glucose supply. 

(3) First moments of glucose inflow at various rates 
It seems to be important from the standpoint of the theory of the 
specific dynamic action of carbohydrates what happens first with the 
respiratory exchange as the consequence of glucose infusion. To this end 
two series of experiments were performed: one during the first 10 min., 
the other one during the first 20 min. of glucose supply at various rates. 
During the first 10 min. (Table IV) no distinct change in the R.Q. 
appears during the influence of glucose. In some cases there is a slight 

rise, in some others an insignificant drop. On the average the R.Q. 

amounts to 0-712 before infusion, and to 0-707 during the first 10 min. of 
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infusion. In spite of that, there is a slight but proportionate rise of O, 
absorption when the inflow of glucose is increasing. At first, at 1 g. rate 
of supply no rise occurs; it is visible at 2 g. rate, increases at higher rates, 
and attains, with the highest rates of infusion, a 10 p.c. increase. As the 


Taste IV. Undifferentiated respiratory exchange during the first 10 min. of glucose 
infusion at a rate of 1-9 g./kg./hr. Dog Ordo. Average of seventeen experiments 


Before infusion First 10 min. of infusion 
infusion 0, oo, 0, co, 
rate consumption elimination elimination 

g./kg./hr. 1./hr. B.Q. L/br R.Q. 

1 3-513 2-551 0-726 3-509 2-441 0-696 

2 3-532 2-557 0-724 3-794 2-672 0-704 

3 3-895 2 0-717 4-343 3-145 0-724 

4 4-258 3-013 0-708 4-380 3-060 0-700 

5 3-995 2-814 0-705 4-308 0-715 

6 4-058 2 0-730 4-259 2-908 

7 4-207 3-012 0-718 4-112 2-936 0-717 

8 4-270 2-936 4-602 3-277 0-712 

9 4-250 2-953 0-693 4-707 3-360 0-714 
Average 3-999 2-844 0-712 4-224 2-986 0-707 
Increase 0-225 0-142 0-631 


R.Q. remains approximately without change during the first 10 min. of 
supply, the CO, elimination evidently increases parallel with the 0, 
absorption. The average increase of O, over basal amounts to 5-6 p.c. and 
of CO, to 5 p.c. If we subtract the basal values of both gases from the 
values obtained during the first 10 min. of infusion we get an R.Q. of the 
excess which amounts to 0-631 (Table IV). It indicates that fat has 
probably been oxidized to cover the expense of the increase of O, absorp- 
tion during the first 10 min. of glucose supply. Similar phenomena have 
been observed with glucose taken by mouth [Bornstein & Holm, 1928; 
Deuel, 1927; Carpenter & Fox, 1930; Dann & Chambers, 1930, and 
others; cf. Lusk, 19316]. Here an analogous phenomenon is found 
during intravenous supply. It lasts, however, only a short time. 

When the period of initial observation is increased to 20 min. (Table V) 
the average increase of 0, consumption for all the rates of glucose ad- 
ministration reaches 12-5 p.c. and that of CO, output to 20-7 p.c. The 
average R.Q. grows from 0-728 to 0-781. The Rr.Q. of the excess metabolism 
is consequently 1-21, indicating a great change in the metabolic mixture. 
All these phenomena justify the conclusion that glucose oxidation appears 
in 20 min. experiments, As there is none during the first 10 min., it sets in 
apparently during the second 10 min. of intravenous glucose supply, no 
matter what rate of supply has been employed. 


OXIDATION OF INTRAVENOUS GLUCOSE 449 


Taste V. Respiratory exchange during the first 20 min. of the intravenous glucose supply 
at a constant rate of 1-8 g./kg./hr. Dog Andro. Average of fourteen experiments 


Before infusion After 20 min. of infusion 
rate absorbed a 

g-/kg./br. L/hr. R.Q. L./hr. L/hr B.Q. 
1 6-249 4-560 0-731 6-436 4-781 0-743 

2 6-292 4-659 0-740 8-392 6-449 0-769 

3 5-748 4-231 0-736 6-451 4-989 0-773 

4 6-808 4-977 0-731 7-041 5-755 0-816 

5 6-891 5-097 0-739 7-364 5-581 0-757 

6 4-790 0-725 7-955 0-801 

7 6-559 4-675 0-713 7-160 5-484 0-767 

x 6-474 4-578 0-707 7-262 5-953 0-819 
Average 6-453 4-696 0-728 7-258 5-669 0-781 


(4) Glucose oxidation during the first 3 hr. of glucose infusion 


The average non-protein k.Q. of the two dogs was 0-709. From this 
pure fat level the R.Q. rises in most cases during the first 3 hr. of infusion 
(Table VI) and attains its maximum value for the given rate in the fourth 


Taste VI. Non-protein 2.9. and glucose oxidized during the first 3 hr. of continuous 
intravenous injection of glucose at various rates. Average of twenty-nine experiments 
two dogs 


Glucose 
infusion Non-protein B.Q. Glucose oxidized, g./kg./hr. 
rate r A —, 
g./kg./hr 1 hr 2 hr. 3 hr. 1 hr 2 hr 3 hr 
I 0-792 0-934 0-960 0-143 0-386 0-402 
2 0-822 0-994 0-993 0-205 0-480 0-495 
3 0-829 0-981 0-997 0-215 0-529 0-596 
4 0-868 1-021 1-052 0-319 0-702 0-615 
5 0-848 1-013 1-025 0-270 0-684 
6 0-846 0-989 1-026 0-276 0-674 0-714 
7 0-862 1-019 1-035 0-297 0-715 0-735 
8 0-861 0-991 1-012 0-302 0-730 
9 1-021 1-015 0-326 (0-760) 0-745 


to sixth hour of infusion (Fig. 4). The values of the r.Q. for the first 
hour increase with the rate of glucose supply up to 4 g. rate, when they 
reach 0-86. With the higher rates there is no more rise of the R.g. In the 
second hour it reaches the unity, but with the higher rates of infusion 
only. In the third hour the unity is exceeded at higher rates of supply. 
In this way, commencing with the 4 g. rate upwards, the curve of the R.Q. 
is approximately alike for all injection rates. 

Correspondingly, glucose oxidized during the first infusion hour in- 
creases with the rate of supply, but even at the highest rates does not go 
much over 0-3 g./kg./hr. and this only from the 4 g. rate up. In the second 
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hour the highest oxidation rate attained is 0-7 g./kg./hr. If it sometimes 
exceeds in the second hour the value obtained in the third hour this should 
be attributed to the slight shivering which sometimes appeared at the 
beginning of the second hour of infusion. The values in the third hour 
approximate closely the definite equilibrated values at the later stages of 
infusion, and exceed 0-7 g./kg./hr. Except one unusually high figure in the 
second hour at 9 g. rate, the curves of glucose oxidized for the three highest 
injection rates are almost similar. It is clear that with the dynamic 
change of oxidation from the basal fat level to the maximum resting 
carbohydrate level there is a certain maximum rate which cannot be 
exceeded by the increase of constant glucose supply. 

The period of the first hour of glucose infusion falls on the so-called 
first phase of glucose assimilation [Wierzuchowski, 1936a]. There is 
certainly in this hour, besides a depressed glycogen formation, a slower 
rate of glucose oxidation, as manifested by the absence of rise of the R.Q. 
in the first 10 min. of glucose infusion and the values of glucose oxidation 
encountered in the first injection hour. 


(5) Maximum level of the oxidative glucose removal during 
the fourth to sixth hour of infusion 

During the last 3 hr. of glucose infusion at various rates the trans- 
formation phenomena were stabilized at a certain level; hence the average 
metabolic values at this period are significant for the corresponding 
infusion rates. 

(a) Non-protein resprratory quotient and the fat formation. At this phase 
of the experiment there is only a slight rise of the non-protein R.Q. with the 
rising rate of glucose supply. The average R.Q. for these three infusion 
hours amounts to 1-001 at 1 g. rate, reaches 1-053 at 5 g. rate, and then 
remains at this level, oscillating between 1-022 and 1-054 during the action 
of the highest concentrations of glucose obtained in the blood (Fig. 4). 

In connexion with k.Q. some facts about lactic acid should be noted 
here. With the increasing rate of glucose inflow, the lactic-acid concen- 
tration in the blood rises over basal value until the 7 g. rate (Fig. 4), when 
the maximum level is reached. When glucose is being pumped in at the 
highest speeds, from this rate up, it does not increase any further [Wier- 
zuchowski & Chmielewski, 19354, 6]. This seems to indicate that this 
form of glucose transformation does not increase any further when a 
certain limit of glucose concentration in the body is overstepped. This 
happens at the level of about 1300 mg. of blood sugar/100 c.c. Non- 
protein R.Q. seems not to depend at this moment to any larger extent on 
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blood lactic-acid concentration. Yor instance, at 4 g. rate there is an R.Q. 
of 1-042, and in the blood there is an increase of 18-5 mg. of lactic acid 
over basal; at 9 g. rate the r.Q. is about the same, 1-044, and in the blood 
there is an increase of lactic acid equal to 30-8 mg./100 c.c., i.e. 66 p.c. 
more than at 4 g. rate (Fig. 4). 


1500 

HE 


Glucose infusion rate, g./kg./hr. 


Fig. 4. Average metabolic relationships during the fourth, fifth and sixth hour of continuous 
glucose infusion at various rates. Oxidation in two dogs, assimilation in four dogs (see 
footnote on p. 13). 


The steadiness of the r.Q. at the higher rates of supply and its relative 
independence of lactic acid concentration suggest its validity as a measure 
of fat formation from glucose, so far as one may judge in the light of Krogh 
& Lindhard’s work [1920], the intensity of this transformation only by. 
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the R.Q. rise above unity. If estimated in this way by Lusk’s method 
[1931a] the process seems to be fairly slight (Table VIII). It must be con- 
cluded, that after the workshops of the body oxidizing and polymerizing 
glucose have been overcharged with labour, there is no indication whatso- 
ever that the oxido-reduction processes may transform the superadded 
glucose into fat. Just about the moment when the glucose oxidation ceases 
to increase, in spite of the violently rising glucose concentration in the 
body fluids, the fat formation does not show any further progress either 
(Table VIII). 

(b) Glucose oxidation. At 1 g. rate of glucose supply 0-46 g. of glucose 
are oxidized per kg./hr. (Fig. 4). At 2 g. rate 0-52 g. are burnt and the 
value increases with the rate of supply, until with the 6 g. rate of injection, 
the highest capacity to oxidize glucose is reached. In this way, by in- 
creasing the intravenous glucose inflow from 1 to 9 g./kg./hr., i.e. 900 p.c., 
only a rise of glucose’oxidation from 0-46 to 0-71 g./kg./hr., i.e. of 66 p.c., 
may be obtained. 

‘c) Oxidation quotient, dined” is low at the lowest rates of 
glucose supply and amounts to 2-25 at 1 g. rate (Fig. 4) and to 3-65 at 2 g. 
rate. At 3 g. rate it is 4-19 and with the higher rates it reaches 4-8 or a 
somewhat lower figure. Similarly, the percentage of assimilated oxidized 
glucose changes (Fig. 4) from 43 p.c. at 1 g. rate of infusion, to 21 p.c. at 4and 
5 g. rate. The depression of the oxidation quotient and the corresponding 
rise of the percentage oxidized between the rates of 6 and 8 g./kg./hr. is due 
to the decline of the values of assimilation, calculated according to a special 
formula.’ The formula is not quite exact for the highest rates of infusion. 

(d) Glucose oxidation and blood-sugar concentration. It is clear from 
Fig. 4 that the limit of both oxidation and assimilation is attained at the 
blood-sugar concentration of some 1000 mg./100 c.c. This is the level 
which may be called the diabetic threshold level, or the limit of the 
maximal tolerance for glucose. Further increase of blood sugar does not 
influence further the oxidation of glucose, or assimilation, or fat formation. 
The blood sugar rises then very sharply and reaches, at 9 g. rate, the 
average value of 2023 mg./100 o.c., i.e. a twofold increase as compared 

with the level of 1000 mg. 

(e) Incremental values. With each gram of the increase in glucose 
supply per kg. per hour there occurs a change in the metabolic values 


* To get the values of the assimilation rate at this most important phase of the experi- 
ment, the average data for four dogs (two in addition to the couple aforementioned) were 
borrowed from Table V (formula 9) of a former paper (Wierzuchowski, 1936a]. Being 
more general they serve the purpose better. 
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showing how the gram of glucose supplied in excess of the 1 g. lower rate 
of injection has been utilized. This change may be followed on Fig. 5. 

A 1 g. increase upon the rate of supply has a different influence on the 
blood sugar at different levels of inflow. Whereas between zero and 1 g. 
rate the blood sugar increases by 52 mg./100 c.c. only, this increase 
between 6 and 7 g./kg./hr. and between 7 and 8 g./kg./hr. amounts to 458 
and 479 mg./100 c.c. respectively, i.e. is nine times greater than between 
zero and | g. rate. 

The increments of glucose assimilation and oxidation for each | g. 
increase of glucose supply in the same period follow a different curve 
(Fig. 5). Whereas the increments of assimilation decrease fairly regularly 
almost as a straight line, the increments of oxidation, very large at 1 g. 
rate of supply, decrease rapidly, when the rate of supply increases, to an 
insignificant amount at higher rates of infusion. By subtracting the 
increments of oxidation from the increments of assimilation the non- 
oxidative increments are obtained (Fig. 5). With the exception of the 
value for 1 g. rate they are very large in comparison with the increments of 
oxidation. 

From the data on Fig. 4 we may conclude that there is a shift in the 
manner in which glucose is utilized when the rate of glucose administra- 
tion is changed: whereas at the lowest rate of infusion (1g./kg./hr.) two- 
fifths of the glucose molecules which are assimilated choose the oxidative 
way of transformation, at higher rates only one-fifth undergo this process, 
the rest being subjected to non-oxidative removal. Fig. 5 shows in detail 
how this shift occurs. The relatively large oxidation at 1 g. rate is excep- 
tional. At the higher injection rates oxidative increments become very 
small in comparison with the non-oxidative ones. The latter are often 
ten times larger, as may be inferred from the relationship 


increase of glucose assimilation 
-inerease of glucose oxidation 
called incremental oxidation quotient: - 
Gram increment oftherateofglucose 1-2 23 34 45 54 
supply, g./kg./hr. 
Incremental oxidation quotient 2-3 120 O81 125 41 0 


(6) Decrease of glucose owidation after the infusion is over 


(a) Respiratory quotient. With 1-2 g. rate (Table VII) the fall of the 
R.Q. begins immediately after glucose infusion has been stopped. At 4 g. 
rate it is not until in the third hour that a significant decline of the k.9. 
may be seen. With these lower infusion rates the higher the speed of 
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Pig. 5. Increments of blood sugar, of glucose oxidation and assimilation (original values 


find in Fig. 4) per 1 g./kg./hr. increase of glucose supply. Fourth to sixth hour of 
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Tasie VII. Average non-protein 8.9. and glucose oxidized in the hours following 
glucose infusion at a rate of 1-9 g./kg./hr. in two dogs 


Glucose Non-protein 8.Q.’s (u values) and glucose oxidized, 
— (lower value) 
Value br. 2hr. Shr. 4hr. Shr. 6hr. Thr. Shr. 
1 R.Q. 0-922 0-866 0-826 0-812 0-792 0-759 0-741 _ 
0-321 0-228 O161 0134 0106 0064 0-041 
2 R. 0-972 0-042 0-921 0905 0-888 0-863 0-846 — 
g- 0-439 0-347 0-287 0-252 0-223 0-196 0-177 0-188 
3 R.Q. 1015 0-996 0970 0940 0-915 0-903 0-899 
g- 0-556 0-469 0-379 0-318 0-276 0-265 0-263 
4 n.Q. 1033 1023 1005 0-990 00975 0-042 0-916 
g- 0-607 0-479 0-388 0-375 0-352 0331 0-298 _ 
5 R.Q. 104 1-021 1001 0-985 0-974 0-963 0-938 
g- 0-593 0498 0-433 0-399 0-372 0-360 0-324 
6 1069 1036 1-022 1010 1006 0-987 0-966 
g- 0-639 0-558 0-496 0469 0443 0-407 0-373 
7 R. 1-054 1-029 0-994 0-977 0-982 0-961 0-061 
g- 0-612 0533 0-455 0-425 0-391 0-379 0377 0-286 
8 R. 1025 1004 0990 0084 0985 0963 0942 — 
g- 0-624 0-543 0-470 0-442 0406 0-373 0334 0-344 
9* R. 1072 1048 1032 1-032 1019 0-982 0-054 
g. 0-614 0-551 0508 0508 0-502 0-454 0-403 0-382 
* One dog only. 


glucose supply, the slower the decrease of the r.Q. Finally, at the 5 g. 
rate a condition is reached when further increase of glucose supply does 
not influence further the fall of the r.q. Therefore the course of the 
R.Q. curve is approximately equal for the 5-8 g. rates. 

(b) Glucose oxidized. After the glucose supply ceases the values begin 
to drop immediately. Until the 6 g. rate the curves bear direct relation- 
ship to the speed of glucose entrance. Between 6 and 8 g. rate the curves 
are all alike. They no longer attain the value of 0-7 g./kg./hr. This shows 
that there is a limit of oxidation also during the disappearance of the 
metabolic phenomena connected with glucose supply, in spite of the fact 
that there is no oversaturation with glucose. The possible explanation is 
as follows: 

It is probable that the fuel burnt at this period is not free glucose, 
but glycogen stored to a certain limited extent, equal for all the higher 
tates of glucose supply. Therefore with all these rates (6-8 g.) there is an 
equal starting amount of glycogen in the tissues at the moment when 
glucose administration from outside has been cut off. The result is an 
equal rate of glycogen oxidation. 
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For 9 g. rate the R.Q. curve and the curve of glucose oxidation decreases 
at a slower rate than between the 6 and 8 g. rate, because there is a large 
glucose retention in the body as a consequence of a kidney lesion, con- 
ditioned by the strain of high diuresis [Wierzuchowski, 19366). 


(7) Balances of glucose during 12 hr. observation period 
(a) Assimilation. The 12 hr. period of observation (during first 6 hr. 
glucose infusion at constant rate) covers in the present experiments the 
totality of assimilation. The corresponding values in Table VIII were 
Tastz VIII. 12 hr. balance of the transformations of glucose injected constantly by vein 


at various rates in 1 kg. dog (6 hr. of infusion +6 hr. of after-infusion period). Mean 
values of two dogs 


6 600 3-34 
12 «11-46 
18 1562 542 
2 1890 683 
30 «21-15 
42 2382 6-65 
48 6-71 

(24-58) 

7-04t 

* One experiment, with rete Sao i excluded. In brackets, the average 

value for the given infusion rate without 
t Values obtained in one dog only. Much longer period of assimilation 


obtained by subtraction of glucose excreted from the values of glucose 
injected. Practically the highest limit of utilization appears at 6 g. rate 
(if one exceptionally high value is excluded, see note in Table VIII). It 
sometimes occurs that the limit of assimilation is not reached within the 
experimental period, and with the infusion rates which, on other occa- 
sions, showed the highest limit of utilization in the same dog. This limiting 
value amounts from 23 to 24 g. of glucose per 1 kg. dog. The values for 
9 g. rate, although perfectly valid, appear in somewhat abnormal condi- 
tions (see note in Table VIII) and should not be compared with values 
obtained at lower infusion rates. 

(b) Glucose oxidation. The longer the period of observation is considered 
beyond the 4 hours of the greatest intensity of oxidation (during infusion), 
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the lower the average quantity of glucose oxidized, since the periods of 
lower intensity of glucose oxidation are included. The highest quantity 
of glucose oxidized in Table VIII (except for 9 g. rate) amounts to 6-7 g. 

at 6 g. rate, i.e. 0-56 g./kg./hr., a lower value than in the three peak hours. 

Although the average value for 12 hr. is naturally lower than the value for 
three peak hours, the highest limit of oxidation appears at the same 
infusion rate as during the three peak hours. It illustrates the pheno- 
menon, described in the former sections, that between the 6 and 8 g. rate 
of supply a certain limiting rate of glucose oxidation appears not only 
during the peak hours, but also at the rise to the highest limiting intensity 
and at its decrease to the initial level. The oxidative phenomena in con- 
nexion with the glucose injected never cease within the 12 hr. of observa- 
tion. They continue even when the blood sugar has fallen to the initial 
level, i.e. when the removal of glucose from the blood is over. It is sug- 
_ gested that the material burnt, after this moment is past, is glycogen 
formed from the injected glucose. Between 1 g. rate of supply and 8 g. rate 
there is an eightfold increase of the stream of glucose molecules, but the 
amount of glucose oxidized is only doubled (from 3-35 to 6-71 g./kg./12 hr.). 

In the oxidation quotient (Table VIII) a shift is seen from the value 
of 1-80 at 1 g. rate to the value of 3-40 at 5 g. rate. The former indicates 
that at the end of the 12 hr. period 56 p.c. are oxidized, and the latter, 
that only 27 p.c. are combusted. There is a similar shift, as already ob- 
served during the three peak hours, glucose oxidation being equally active 
as glycogen formation at the lowest rate of infusion, and at the higher 
rates the latter form of glucose utilization being the prevailing one. 

(c) Fat formation. If judged by the Lusk method [1931a] of calcula- 
tion, fat formed rises with the rising glucose administration from 0-02 g. 
at 1 g. rate to 0-28 g. at 6 g. rate, which is practically the limit of the fat- 
forming power of the body under these conditions (Table VIII). For this 
purpose 0-06-0-8 g. of glucose must be transformed. 

(d) Lactic acid formation. In the 12 hr. observation period a limit of 
lactic acid excretion cannot be found (Table VIII), because ix the post- 
infusion period no limit can be obtained, whereas it exists in the period 
during the infusion. Therefore lactic acid elimination in urine, as a form 
of glucose escape from the body, increases in 12 hr. balances in direct 
relationship with glucose supply. Even the highest values are, however, 
insignificant from the standpoint of glucose balance. 

(e) Glycogen formation. When we subtract from the total glucose 
assimilation the values for glucose oxidation, glucose transformed into 
fat and glucose escaped in the form of urine lactic acid, a remainder is left 
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which undergoes the change into glycogen or hexose phosphoric esters, 
and perhaps escapes into the bowels with bile [Asz6di, 1934, and others], 
being afterwards reabsorbed. This remaining fraction of glucose reaches 
its limit at 6 g. rate of infusion, and amounts to some 16g. /kg./12 hr. 
(Table VIII). This value is within the range of the amounts of glycogen 
found by Butsch [1934] in dogs during long continuous glucose infusion 
when the limit of glycogen-forming capacity of the body was probabl 


reached. 
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v,, tate of g./kg./hr. 
Fig. 6. Glucose oxidation as function of supply during the fourth to sixth hour of infusion. 


(8) Law of glucose oxidation with regard to glucose supply 
If the average values of glucose oxidized during the fourth to the 
sixth hour of infusion are plotted as ordinates against the rates of glucose 
supply as abscisse, an exponential curve of the following shape may be 
drawn through them (Fig. 6): 


Yo, 


in which vp is the velocity of glucose oxidation when this hexose is in- 
fused at the speed v,, both values being expressed in g./kg./hr. Only the 
amount for 1 g. rate of supply gives a larger deviation, the remaining one 
being within +2-1 p.c. 


Discussion 


Glucose oxidation by the dog and by Saccharomyces. Before the 
Saccharomyces reach the highest limit of glucose oxidation in sugar media 
at different concentrations they have an optimum of glucose oxidation 
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between the concentration of 0-2 and 0-5 p.c. [Kluyver & Hoogerheide, 
1933]. At 1 p.c. the value falls to a somewhat lower, definite constant 
level, which does not change any further when glucose concentration is 
raised to 10 p.c. (Fig. 7). No such optimum is found in the dog. This 
optimum in yeast has its counterpart in the case of the dog, the chief rise 
of glucose oxidation being here accomplished exactly at the same blood- 
sugar concentration as the optimum in yeast. Further increase of sugar 
concentration in the circulating internal medium of the dog adds only 
some 16 p.c. more to that value (Fig. 7). The highest level of glucose 
oxidation in the dog appears at 1 p.c. concentration and persists at higher 


240 


Glucose oxidized, g./kg. dry wt./hr. 


Glucose percentage in the medium 


Fig. 7. Glucose oxidation as function of glucose concentration: (a) in the external medium 
in Saccharomyces, and (6) in the internal medium of the dog. 


concentrations. Per kg. dry weight per hour the oxidative consumption 
of glucose by yeast (152 g./kg./hr.) is thirty-six times greater than by the 
dog (2-35 g. /kg. /hr.). If calculated per square metre the values show a 
discrepancy in another direction. 

Establishment of a special form of diabetic disorder. When glucose 
concentration in the liquids of the body at rest is raised by means of 
different rates of constant, intravenous glucose influx, three stages of the 
capacity to oxidize and, in general, to transform glucose may be dif- 
ferentiated, characterized by the various rates of glucose supply: 

(1) At 1 g. rate of glucose infusion, which approaches the maximal 
physiological rate of glucose absorption from the intestine, the aglycosuric 
oxidation and assimilation is observed, the oxidation playing a very large 
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part in the assimilative phenomena, which is characteristic for this lowest 
rate used. 

(2) Between 2 and 6 g. rate of glucose infusion, when the renal thres- 
hold is overstepped, there is a special limit of oxidation and of assimilation 
for each infusion rate. A definite percentage of glucose assimilated is 
oxidized, higher at lower rates and lower at higher rates of supply, the 
increases under each new addition in the rate of inflow being very slight 
over the value found at 1 g. rate of supply. Therefore the more unphysio- 
logical the glucose supply and the higher the blood-sugar concentration, 
the larger the percentage of glucose stored as glycogen and hexose 
phosphoric esters. 

(3) Finally, between 6 and 8 g. rate of supply, when the highest limit 
of utilization is reached, the following phenomena take place: (a) the 
ventilation rate per minute shows no further increase when the supply is 
raised further, (6) also the O, intake and (c) the CO, output does not 
increase and, consequently, (d) glucose oxidation shows a steady level, 
uninfluenced at the highest point of glucose action by the rising glucose 
supply. Also the mode of increase of glucose oxidation from the initial 
value and of decrease to the basal level seems to be limited, so that the 
limitation of glucose combustion appears during the total observation 
period applied. The highest limiting rate of glucose oxidation is 
0-7 g./kg./hr. and of glycogen formation 2-4 g./kg./hr. The latter is then 
3-5 times larger than the former. As the condition resembles a diabetic 
disturbance, it has been proposed to establish this metabolic form as 
@ separate entity and to call it overflow diabetes [Wierzuchowski, 
1936 a]. 

Different laws apply to experiments made upon exercising animals 
and to still higher rates of supply (9 g./kg./hr. and upwards), the last 
ones causing in a short time a serious damage to the kidneys. 

Criteria of the overflow diabetes. The following facts disclose this con- 
dition as a diabetic state. They are all based on the effect of an additional 
dose of glucose, introduced intravenously during this abnormality: 

(1) The additional dose of glucose increases the blood sugar to a much 
higher point than the same dose under normal conditions (Fig. 5). At 
these high concentrations the sugar-absorbing power of the organs in situ 
reached a limit and did not grow under the influence of the supplementary 
dose [Wierzuchowski et al. 1935}. 

(2) Therefore it is almost completely excreted in the urine (97 p.c.) 
[Wierzuchowski, 1936a, 1937 a}. 

(3) Under the influence of this supplementary dose the blood lactic- 
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acid concentration does not increase any further, uor does the quantity of 
lactic acid excreted in the urine. 

(4) There is no increase of glucose oxidation or of fat formation under 
the influence of the additional dose (present work). 

(5) Neither is there any rise of heat production under its influence 
[Wierzuchowski, 1937 5}. 

(6) The glucose quota attributed to the glycogen and phosphate 
esters’ formation likewise does not increase either. 

In this way the list of the arguments in favour of a limit in glucose- 
transforming power of the body at the highest rates of glucose supply 
seems to be fairly complete, and includes the chief known metabolic forms 
of glucose. 

Suitability of this diabetic disturbance for experimental studies. This 
condition has this advantage that it may be provoked in a normal animal 
without extirpation of the pancreas and without intoxication with 
phiorizin. After the experiment the animal remains normal, provided the 
kidneys are not affected [Wierzuchowski, 19366]. Under the influence 
of subcutaneous glucose, kidney lesions were seen in rabbit by Bouckaert 
et al, [1936]. The chief organs affected by the long continuous glucose 
infusion are pancreas and hypophysis [Jacobs & Colwell, 1936]. This 
may throw some light on the mechanism of overflow diabetes. 

Certainly none of the existing forms of experimental diabetic derange- 
ments offers a model subject for the study of the new formation of glucose 
in the body, each one of them having its serious drawbacks. Being of 
completely different origin from the other forms of diabetic abnormalities, 
the overflow diabetes offers specific opportunity for the studies of glyco- 
neogenesis ; for it is to be expected, that if sugar is eventually formed from 
some substances under these conditions, it will probably not be metabo- 
lized, but almost quantitatively excreted. The diabetic form described, 
being a conservative one for the animal, may be used for long series of 
experiments.’ The diabetogenic rate of glucose supply lies between 6 and 
8 g./kg./hr. The possibility of glucose formation from amino acids in 
overflow diabetes is now being tested [Wierzuchowski et al. 1935). 

1 It is obvious, in these perhaps more than in any other diabetic studies, that the experi- 
ments should be taken in a discriminate way, as they are accomplished on one and the same 
individual within months and even years, and it must be considered that during such 
relatively long periods of a dog’s life the capacity of the organism to dispose of glucose may 
change not only quantitatively but also qualitatively. The limit of this capacity is different 
in various individuals, and may change in one and the same individual in connexion with all 
the possible changes in the bodily state. The experimenter should make the conditions as 
constant as possible and select for the experiment the most appropriate moments with 
regard to constancy. The exact description of the methods will be given soon. 
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A few general remarks. The most satisfactory correlations recently 
found between O, intake and sugar assimilation were those of Cori & 
Cori [Cori, 1931] on mice, of Carpenter & Fox [1930] on man and of 
Cruickshank &Startup[1933a, 6; 1934] onisolated heart. They showed 
that oxidation of glucose is only one form of its utilization, the rest of the 
glucose intake being utilized in some other way; moreover, they sub- 
stantiated the value of the respiratory quotient, as measure of oxidation 
processes, on which the present work is based. During its progress it 
was not forgotten that Yater e al. [1933] recently called the z.Q. an 
hypothesis. 

The present work supports the view that the lowest rates of glucose 
supply chiefly favour the oxidation, and that the higher ones favour the 
storage processes and lactic-acid formation. When the limit of the capacity 
of the cells is attained all the metabolic forms of glucose transformation 
cease to develop, because it would perhaps disturb the fixity of the 
internal medium if they increased without limit. If such a limit does 
appear in a normal animal, it certainly may appear in a diabetic one. In 
this way the principle of glucose non-utilization is extended from the 
normal organism to the diabetic one. The appearance of the limit, on too 
great demands being made upon the cells, agrees with the ideas of Voit 
[1881], Lusk [19316] and Barcroft [1934] (principle of maximal 
activity and of the fixity of internal medium). 


SuMMARY 


Glucose was infused in two dogs during 6 hr. at a constant rate from 
1 to 9 g./kg./hr. and the respiratory exchange determined. Complete 
indirect calorimetry calculations were correlated with the disappearance 
of the infused glucose (assimilation) and with lactic-acid formation. 

Glucose oxidation begins in the second 10 min. after the infusion has 
been started. At the beginning of glucose infusion the values of oxidized 
glucose rise from the pure fat level to certain characteristic stabilized 
_ amounts. After the infusion is finished they drop to the basal level. The 
following conclusions refer to the stabilized values between the fourth and 
sixth hour of glucose infusion. 

As the chief increase of glucose oxidation occurs at 1 g. rate of supply, 
it may be concluded that only blood-sugar increases met with within the 
limits of the ordinary life and occurring at this rate of glucose supply 
favour oxidation. The higher infusion rates increase especially the storage 
of the material infused in the usual forms, glucose oxidation being only 
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slightly increased upon each new addition to the rate of supply. At the 
lowest rate of infusion used (1 g./kg./hr.) two-fifths of glucose assimilated 
are oxidized and three-fifths are transformed in another manner. At the 
higher rates only one-fifth of the assimilated material is oxidized and 
four-fifths are otherwise disposed of. 

With the rising glucose supply the values of ventilation, of 0, intake, 
CO, elimination and of the respiratory quotient increase, until at a certain 
rate of supply (at 6 g. rate) the values attain the limit and do not increase 
any further in spite of the increase in the rate of infusion. This concerns 
all the more important known forms of assimilative glucose removal; 
ie. glucose oxidation, fat deposition, glycogen, hexose phosphoric esters 
and lactic-acid formation. In this way the values of glucose oxidation 
in the later period of infusion, considered as fanction of glucose supply, 
follow an exponential curve of definite shape. 

For these highest rates (6-8 g./kg./hr.) also the curves of the increase 

of oxidation (first to third hour of infusion) to the definite level at each 
rate of infusion are likewise almost equal to each other, and the same 
happens with the curves of the decrease of oxidation in the post-infusion 
period. 
All the values obtained by the respiratory exchange were associated 
with corresponding blood-sugar levels. The limit of the capacity to oxidize 
glucose is reached at the level of blood sugar amounting to about 
1000 mg./100 c.c. Above this level a condition is obtained in a normal 
animal (dog), which approaches one of diabetes, as it fulfils a number of 
criteria, enumerated above, which could be postulated for such a diabetic 
state. 
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THE BEHAVIOUR OF MUSCLE FOLLOWING 
INJECTION OF WATER INTO THE BODY 


By M. GRACE EGGLETON 
From the Department of Physiology, Bedford College, London — 
(Recewed 16 June 1937) 


Aut observers are now agreed that ingestion of a large volume of water 
is followed by dilution of the blood, but opinion is divided as to the 
nature and extent of this dilution. One definite type was first clearly 
described by Bayliss & Fee [1930], working on decerebrate dogs, 
though noted in passing by Rioch [1930] on unanesthetized dogs 
(diuresis inhibited by handling) and later by Smirk [1932] on un- 
anesthetized rabbits. In all these cases, the electrolytes of the plasma 
were found to be considerably less diluted than the colloids, following 
absorption of water from the gut. Moreover, the degree of dilution of 
plasma colloids indicated that the blood was carrying more of the 
additional water than would have been the case if this were equally 
distributed throughout the water of the body. 

These facts can best be explained on the assumption that some 
tissues, instead of carrying their proportionate share of the additional 
water, have added electrolytes to the circulating fluid. Recent work on 
isolated muscle suggested that this tissue might act as a store-house for 
the rapid removal or addition of electrolytes to the surrounding medium. 
In the frog’s isolated muscle, the muscle cells are completely impermeable 
to chloride, but the relative proportion of “interspaces” (containing 
chloride) to cells is found to vary with the composition of the surrounding 
medium [Eggleton et al. 1937]. Muscles placed in hypotonic Ringer’s 
solution swell and those in hypertonic solution shrink, but the proportion 
of muscle occupied by chloride is less than normal in the former case 
and greater in the latter case. It appears that the muscle cells, which 
absorb water when the surrounding medium is hypotonic, press upon the 
“interspaces”’, thus diminishing their volume. If muscle in situ were to 
behave in a similar fashion, it might account quantitatively for the 
results obtained by Bayliss & Fee, since muscle tissue forms so large 
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a proportion of the total body weight. Experiments were made, there- 
fore, in which the chloride concentration in blood plasma and in muscle 
were estimated, together with the total solid content of both tissues, 
before and after the absorption of a large volume of water from the 
intestine. 

EXPERIMENTAL 


The experiments were performed on cats which had received their 
last meal 18 hours previously but had free access to water. Anzsthesia 
was induced by nembutal (0-65-0-7 c.c. per kg.), given intraperitoneally. 
Total solids of both plasma and muscle were determined by drying to 
constant weight at 100-110° C. (24 hours). Chloride in the trichloracetic 
acid filtrate of either tissue was determined by electrometric titration, in 
the manner described by Eggleton et al. [1937]. 

Preliminary experiments showed that pairs of muscles contained 
closely similar concentrations of chloride, so that one could be used as 
a control on the other, and that the variation in water content of the 
mixed samples was small. Different pairs of muscles varied in their 
chloride content to some extent, the gastrocnemii always containing the 
lowest and the sartorii the highest concentration, as is the case in the 
frog. There was also a considerable variation in the ratio of chloride 
concentration in muscle to that in plasma among different animals, a 
difference probably referable in part to variation in age [Irving & 
Manery, 1936]. The figures given in Table I indicate the degree of 
random error involved in the whole technique and are representative of 
the average results obtained on normal muscles. The question as to 


Taste I. The chloride and water content of muscles and blood plasma in a cat 


under nembutal anesthesia 
A 
Cl’ concentration 
in muscle 

mg./100 g. Cl’ concentration 
A in blood Ratio 
Muscle Left leg Right leg mg./100 g. A/B 
Gastrocnemius 59 60 407 0-145 
410 0-148 
Semitendinosus 78 72 — 0-191 
0-177 
Gracilis 81 79 —_ 0-199 
0-194 
Rectus femoris 96 95 — 0-234 
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whether the observed ratio of muscle to plasma chloride is the same as 
that obtaining in the unanesthetized state has not been seriously in- 
vestigated ; a few experiments on decerebrate cats gave similar values. 

In an experiment the following technique was adopted. Half to 
one hour after induction of anwsthesia, one blood sample (5-6 c.c.) was 
obtained from a carotid artery which had been tied off, and samples of 
muscles from one leg; the muscles were freed from surrounding fascia, 
entering vessels clamped, ligatures applied to the muscles and the inter- 
vening part removed. One portion was taken for estimation of total 
solids into a weighing pot of known weight and another (1-3 g.), for 
chloride estimation, weighed and dropped into 4 p.c. trichloracetic acid. 
Overnight soaking in this fluid resulted in the muscle being more easily 
disintegrated by grinding the following day. 

The water (6 p.c. of the body weight) was then injected. In most 
cases the injection (lasting 15-20 min.) was made into a loop of small 
intestine, brought to the surface through a small abdominal opening, 
the technique used by Bayliss & Fee. A blood sample, the remaining 
muscle samples, and a further blood sample were removed 1-5-2-5 hours 
after the end of the injection. The intestine was then removed and 
opened to ensure that no water had been left unabsorbed. In some 
éxperiments the bladder was washed out by means of a cannula placed 
through the upper part of the urethra above the pubis, but only a few 
cubic centimetres of urine were ever excreted during the experiments. 
In others the ureters were tied as they entered the bladder. In one or 
two cases the injection was made directly into the portal vein at a steady 
rate of about 1-5-3-0 c.c. per min.; the second blood and muscle samples 
were then removed 20—40 min. after the end of the injection, which had 
occupied 1-1-5 hours. 

Blood samples were usually oxalated (with a known amount) and the 
tubes tightly stoppered with cotton-wool until after centrifuging. 
Standing for 3 hours under these conditions led to an increase of approxi- 
mately 1 p.c. in the chloride content of the plasma, presumably due to a 
chloride shift under the lower CO, pressure. Collection of the blood 
under paraffin gave results identical with those obtained on freshly 
collected blood treated with oxalate. 


RESULTS 
The results obtained were essentially similar to those found by 
Bayliss & Fee in decerebrate dogs. In every case, following absorption 
of water, the total solids of the plasma were diluted much more than was 
PH, XC. 30 
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its chloride. Analysis of muscle showed that in this tissue the reverse 
process had occurred. The total solids were always diluted much less 
than the chloride. The average results of all experiments (10) are shown 
diagrammatically in Fig. 1. There was considerable variation in different 


Muscle Plasma 


Fig. 1. The relative degrees of dilution of total solids and of chloride in muscle and blood 
plasma resulting from absorption of water (6 p.c. of body weight) in cate (average of 


ten experiments). 
Tasxz II. Dilution of plasma and muscle in cats following injection of water 
(6 p.c. of body weight) 
Muscle Plasma 
Dilution of ‘Dilution of —_ Dilution of of 
chloride total solids chloride total solids 
Exp, p-c. p-c. p-c. p-c. 

ll 16 5-5 6 20 

12 31 6 10 16 

14 25 6 ll 15 

15 31 2 75 18 

16 25 5 5 12 

18 21 6-5 ll 15 

19 25 2 8 22 

24 20 6-5 13 16-5 

31 13-5 5 10 15 

33 21 3-5 7-5 16 
Average 23 +3* 5+0-3* 9+0-6* 16-5 +0-8* 

* Standard deviation of mean, ,/ 1, where r is the individual difference from 
the mean and n is the number of o 


experiments, though the changes were invariably in the same direction. 
In Table II are shown the average changes in each experiment. The 
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actual experimental results from which the figures in Table II have 
been calculated, and the range of variation amongst different muscles in 
any animal, are illustrated in the following more detailed description of 
a typical experiment. 
Exp. 12. Cat, 9, 3-25 kg. weight. 
205 c.c. water injected: 15 c.c. unabsorbed at end. 


Plasma: Total solids initially ... 81 p.c. 
ose 7:1, 6-95 p.c. 
=16 p.c. 
ove eee 371, mg./100 g. 
=10 p.c. dilution. 
Muscle: Total solidsinitially ..  253p.c 
” 23-9 p.c. 
=6 p.c. 
Cl’ in mg./100 g. 
Initially Finally 
Gastrocnemius 59-5 43-5 
Semimembranosus 49 
Semitendinosus 67-5 52 
Gracilis 50 
A 63-5 48-5 
31 p.c. dilution. 


Other factors affecting the concentration of chloride in muscle 
An attempt was made to assess the relative importance of possible 
factors responsible for the variation shown in different experiments. 
Undoubtedly thestate of nutrition of the animal would affect the numerical 
result, for although the water injected was in all cases 6 p.c. of the body 
weight, a greater degree of dilution would be expected in very fat 
animals since the water-containing tissues form a smaller proportion of 
the total weight. Three other factors were investigated experimentally : 
hemorrhage, change in body temperature, and peritoneal effusion 
resulting from handling of the intestines. Small variations in these 
three factors probably occur in all experiments and their possible 
influence on the chloride and water content of the muscle and plasma 
was magnified by inducing extreme variations in each. The changes 
produced in the two tissues are shown in Table III. 

Under the influence of anesthetic alone, there was a slight loss of 
water and chloride from the muscles, but the composition of the blood 
was unaffected. A rise of 3° C. in body temperature resulted in dilution 
of the plasma solids, though not at the expense of muscles, while shivering 
(mainly of the trunk and forelimbs) resulted in concentration of plasma 
solids, a result in accord with the findings of Calvin et al. [1933]. The 
30—2 
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Tasue III. The effect of various treatments on the chloride and 


water content of muscle and plasma 
Muscle 
c. 
concentration of of 
Total Total 
Exp. Treatment Chloride solids Chloride solids 
6 #Anssthetic alone (nembutal) - 1 -0-5 on 
40 - 4 +15 +1 0 
4 Severe hemorrhage -12 -2 
21 - 8 -0°5 -1 
25 _— Peritoneal effusion -10 +3 ~3-5 -3-5 
36 a - 6 +2 0 -15 
38 ” - 065 +2 0 -3 
23 ##Temperature increase - 2 0 +2 -45 
37 ~=— Shivering - 2 +2 -1 +5 


Denotes concentration, denotes dilution. 

results with peritoneal effusion are interesting in showing clearly the 
regulating relationship, in respect of water and chloride, of muscle on the 
plasma. The peritoneal exudate is roughly a protein-free plasma filtrate 
(though it contains a small amount of protein) and the loss of both water 
and salt from the plasma is made good by the muscles. The effects 
produced by excessive hemorrhage are less easy to explain, but again it 
is seen that appreciable dilution of plasma salt has been prevented by 
loss of salt from the muscles. In the water-injection experiments, 
hemorrhage (apart from the 10-15 c.c. taken in blood sampling) was 
usually negligible, peritoneal effusion slight and temperature change 
within less than 1° C., but their combined effects may well account in 
part for the individual variations. 

In both the water-injection experiments and the control experiments 
just quoted, it appears that the muscles respond to changes in the water 
and electrolyte content of the blood plasma by suitable alteration in 
their own composition. The question arises as to whether this behaviour 
is regulated by means of some hormonal or nervous influence, or whether 
it is inevitable from considerations of simple osmotic equilibria. Analysis 
of the conditions in muscle, in so far as these are known, suggests that 
the latter simpler hypothesis is sufficient to account for the observed 
facts. The capillary walls are practically impermeable to protein, but 
freely permeable to water and electrolytes. In respect of these, the plasma 
can be considered as in equilibrium with the fluid of the tissue spaces. 
This fluid, on the other hand, is separated from the muscle cells by 
membranes impermeable to practically everything but water. In the 
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frog’s isolated resting muscle, neither Na nor Cl [Fenn ef al. 1934] 
lactate [(Ghaffar, 1935), creatine (Eggleton, 1930], phosphate [Eggle- 
ton, 1933], glucose (Eggleton, 1935], nor carnosine [Eggleton & 
Eggleton, 1933] can penetrate the cells, nor will the cell constituents 
leak out at any appreciable rate. Given these conditions, and assuming 
that there is no production of osmotically active substances within the 
muscle cells, the following calculations can be made. 

1 kg. cat contains 600 c.c. water, of which the muscles contain about half, 300 c.c. 
Addition of 60 0.0, water to the animal must result in an overall dilution of °22+ _ 960 


600 600” 
and any celle permeable only to water must absorb water until their contents are diluted in this 
proportion. 

” a derived from ratio 
Hence the cells contain initially ... 246 


Since they must swell in the ratio 660/600, this 246 o.c. increases to 270 0.c. But direct 
analysis of the whole muscle shows that it has increased in weight by only 5 p.c., i.e. the 
water of the muscle (which constitutes 75 p.c. of its substance) has increased by | 


100 
x5=6-7 p-c., 
i.e. the initial 300 o.c. water has increased to 320 o.c. 
Therefore, “interspace’’ water 50 


which is 15-6 p.c. of the whole muscle water, i.e. the “interspaces’’ must have been reduced 
from 18 to 15-6 p.c. Experimentally, an average value of 15-5 p.c. is found. 

Furthermore, initially each 100 c.c. of muscle water contained 18 c.c. of chloride solution 
equivalent in strength to that of plasma chloride and finally 15-6 c.c. of diluted chloride 


solution, which is equivalent to © x 15-6 0.0. =14-2 0.0. of original solution, i.c. the muscle 


chloride has been diluted by 22 p.c.; the average figure found experimentally is 23 p.c. 

If this calculation be applied to each experiment separately, then, 
from the observed overall dilution of solids in the muscle and dilution of 
chloride in the plasma (which represents the overall dilution of body 
water), the expected dilution of chloride in the muscle can be calculated. 
These figures are compared in Table IV with the observed results. 

In eight of the ten experiments the agreement is surprisingly good. 
Of the two exceptions, Exp. 11 was the first of its type to be performed 
and therefore more liable to random errors in technique and Exp. 16 
was made on an animal received straight from the dealer (i.e. its previous 
food history was unknown) and noted as suffering from bad respiratory 
infection. Normally the animals are kept in the laboratory for a few 
days preceding the experiment. If errors in technique are not responsible 


4 
‘ 
> 
‘ 
> 
‘ 
= 
4 
4 
; 
e 


472 M. G. EGGLETON 


Taiz IV. Comparison of the observed value of dilution of chloride in muscle with that 
calculated from observed dilutions of chloride in plasma and solids in muscle. (For 


ee Dilution of CY in muscle 
Dilution of of Ii 
CY’ in solids from A,B Observed 
plasma muscle and C value 
Exp. p.c. p.c. p-c. p-c. p.c. 
ll 6 5-5 18-5 0 16 
12 10 6 15-5 18 22 
14 ll 6 15-5 22 25 
15 7-5 2 21-5 23 31 
16 5 5 18 0 24 
18 11 6-5 16 21 21 
19 8 2 19 27 25 
24 13 6-5 15-5 29 21 
31 10 5 16 23 13-5 
33 75 16-5 19 21 


tAverage 2341-7 


* “ Interspaces”’ measured as the ratio of chloride concentration in muscle to that in 


+ Excluding Expe. 11 and 16. t Standard deviation of mean. 
for either or both of these anomalous results, then in these animals the 
muscle cells must have absorbed more than the expected amount of 
water; either they were permeable to substances other than water, or, 
for some reason, an increase in osmotically active substances occurred 
inside them during the course of the experiment. The general trend of 
the results, however, suggests that simple osmotic forces are sufficient 
to explain the behaviour of muscle under these conditions. 

It will be noted that the calculated value of dilution of chloride in 
muscle is derived only from the observed dilution of chloride in the 
plasma and of solids in the muscle, and the initial size of the chloride- 
containing “‘interspaces”. The amount of water entering the system is 
immaterial to the calculation, also the total dilution of solids in the 
plasma. Their relatively great dilution appears to be due to the fact that 
the muscles, owing to the inelasticity of the fascia surrounding them, 
cannot swell to any considerable extent. When the cells swell, therefore, 
pressure increases in the “interspaces”’, resulting in lessened filtration 
from the capillaries and/or greater outflow of lymph, with consequent 
reduction in “interspace” fluid. As a result of this indistensibility of 
muscle, the plasma and other tissues more distensible than muscle have 
to carry more than their share of the additional fluid. 

In the case of peritoneal effusion, the muscle loses water and chloride 
in approximately the proportion present in the “interspace” fluid. If 
the supporting structures of the muscle are normally in a slight state of 
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tension, the decreased filtration pressure in the capillaries, due to loss of 
saline in the peritoneal effusion, would satisfactorily account for the 
small decrease in “interspace” fluid observed. 


Changes in blood plasma during water absorption 
It is now generally accepted that absorption of water is preceded by 


passage of chloride into the gut. In some early experiments on the 
effect of water-drinking in man, Priestley [1916] found a 5 p.c. dilution 


of the chloride in, plasma and attributed it to withdrawal of chloride into 
the gut prior to absorption of the water. Smirk [1933] postulated the 
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cts 4 30 45 60 75 90 
min. 
Fig. 2. Zap. 27. Cat 3-6 kg. Dilution of total solids (0 - - - - - - o) and of chloride ( x x) 


in blood plasma during and after injection of water (6 p.c. of body weight) into the 
intestine of a cat. : 
same effect and, in rats which had received water, found 0-55 p.c. NaCl 
present in the fluid in the gut during the height of absorption. In view 
of the type of dilution observed when equilibrium is established under 
the conditions of the experiments reported here, it seemed of interest to 
analyse the type of dilution occurring in the earlier stages. If chloride 
was passed into the gut prior to absorption of the water, the dilution of 
chloride in the plasma should precede the dilution of total solids, although 
ultimately the positions are reversed. Such indeed was found to be the 
case. In Fig. 2 are shown the degree of dilution of chloride and of total 
solids in plasma following injection of water into the intestine. Four 
such experiments were performed and although the shape of each curve 
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varied, the relative positions of the two were consistently the same as 
that shown in the figure. 

The results are fully in accord with the suggestion that chloride 
passes into the gut before absorption of the fluid can occur. The crossing 
of the two curves would then ‘coincide with the rapid absorption of a 
dilute salt solution. Variation in the exact shape of the curves is probably 
due to the rate at which chloride passes into the gut and the rapidity 
with which the muscles react to changes in the plasma. Analysis of 
muscles at an early stage (13-30 min.) shows that some water has already 


p.c. dilution 
+ 

4 
‘4 


0 15 30 45 60 75 90 
min. 
Fig. 3. Bap. 28. Cat 4 kg. Dilution of total solids (0 - - - - - - o) and of chloride ( x x) 


in blood plasma during intravenous injection of water. The injection was continuous 
throughout the experiment, at the rate of ca. 3-0 c.c. per min. into the portal vein. 


been absorbed and the volume of “‘interspaces” slightly reduced. In 
the experiment quoted in Fig. 2, muscles were not analysed, but analogy 
with other experiments suggests that in the first 15 min., during the 
injection, chloride passed rapidly into the gut and the resulting hypo- 
tonicity of the plasma led to uptake of water by the muscle cells (leading 
to actual concentration of the plasma solids), with consequent reduction 
of “interspace” fluid. This phase probably outlasted the injection by 
5-10 min. and was followed by a steady rapid absorption of the weak 
salt solution with subsequent further uptake of water by the muscle 
cells and decrease of “interspace” fluid. 

This interpretation of the results is strengthened by the fact that 
when the water is injected intravenously the two curves do not cross. 
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The initial stages of such an experiment are shown in Fig. 3; unfor- 
tunately, increasing hemolysis completely masked the dilution of plasma 
solids in the latter part of the experiment. It was present in small 
degree even in the earlier samples and the dilution of total solids was 
therefore even greater than shown in the figure. 


Disctssion 


It has been shown that the observed changes in water and chloride 
content of muscle and blood plasma following injection of water into 
cats can be satisfactorily explained from considerations of simple osmotic 
equilibria, if it be assumed that the chloride-containing part of the 
muscle (one-fifth of the whole) is separated from the remaining chloride- 
free part by membranes completely impermeable to chloride. In the 
frog’s isolated resting muscle, direct proof of this assumption has been 
obtained [Eggleton et al. 1937], but even here there is no proof as yet 
of the quantitative identity of these “interspaces” with the anatomical 
intercellular spaces. An attempt to count the latter directly by histo- 
logical means has met with little success; both slow and rapid fixation 
led to obvious shrinkage of the cells. In the muscle in situ (whether frog 
or mammal) there is no proof that the cells are always or completely 
impermeable to chloride. | 

So long as experimental results can be explained on the simplest 
hypothesis (osmotic), the assumption that chloride is present only in 
the “interspaces” of muscle seems justified. Increase in “interspace” 
fluid as a result of injection of normal saline solution [Hastings & 
Eichelberger, 1937] can be so explained, as a result of increase in 
capillary filtration pressure, since the surrounding structures allow a 
certain degree of swelling of the muscle and in this case there is no need, 
on osmotic considerations, for swelling of the cells. Similarly, on in- 
jection of hypertonic salt solutions [Eichelberger & Hastings, 19376, 
and experiments done in the present series], the resulting shrinkage of 
muscle cells, with consequent reduced pressure in the tissue spaces, and 
the increased capillary pressure due to increased volume of plasma, will 
lead to an increase in “interspace” volume. The results of Fenn & 
Cobb [1936], however, showing an increase in “interspace” volume 
following stimulation of muscles in the rat, cannot be readily explained 
in terms of this hypothesis, for contraction is accompanied by an increase 
of osmotically active substances in the cells and should lead to swelling, 
with a consequent decrease in intercellular volume. It is possible that 
stimulation may render the muscle cells partially permeable to chloride. 
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The ratio of chloride concentration in muscle to that in plasma, 
which has been taken as an approximate measure of “‘interspaces”’, is 
reasonably constant in mammals. Winter [1934] gives values ranging 
from 14-5 to 15-5 p.c. for a series of mammals, with 12-5 p.c. in the cat; 
Saiki [1908], found a value of 13 p.c. in the pig; and in this series on the 
cat an average value of 18 p.c. was found in the normal and 15-5 p.c. 
following injection of water. In some other experiments on rats, values 
ranging from 14 to 17 p.c. were obtained. It was mentioned earlier that, 
of the leg muscles analysed, the gastrocnemius contained always the 
lowest proportion of “‘interspaces” and the sartorius the highest. The 
latter muscle appears to possess this property in common with other thin 
flat muscles, for the rectus abdominis of the dog [Eichelberger & 
Hastings, 1937 a] gave comparable values of 20-25 p.c. It seems likely 
that the differences noted among various species by different observers 
are due to the particular muscle analysed and to the manner in which 
the animal is killed, in view of the effect of hemorrhage noted earlier, 
rather than that there is any one value peculiar to each species. 


SuMMARY 


1. The observation of Bayliss & Fee, that absorption of water 
from the gut results in a greater dilution of plasma colloids than of 
electrolytes, has been corroborated. In cats, under nembutal anesthesia, 
absorption of water (6 p.c. of body weight) resulted, on the average, in a 
9 p.c. dilution of plasma chloride and a 16-5 p.c. dilution of total solids. 

2. In the accompanying dilution of muscle constituents, the reverse 
effect was observed: the chloride was diluted 23 p.c. and the total solids 
only 5 p.c. 

3. These results are explicable on considerations of simple osmotic 
equilibria if it be assumed that (a) the chloride of muscle is contained 
only in the “interspaces” and (b) the membranes of the muscle cells are 
impermeable to those solutes which are responsible for maintaining the 
osmotic pressure. The carriage of excess fluid by the blood plasma can 
then be attributed to the fact that muscle as a whole is not a freely 
distensible tissue. 

4. In the early stages of such experiments, the plasma chloride is 
diluted to a greater extent than the total solids, and only later is the 

* Eichelberger & Hastings [1937] have recently devised a more accurate method 
of calculation of the size of “interspaces” (based on the relative chloride concentrations in 


serum and muscle) by correcting for the Gibbs-Donnan effect of a higher protein con- 


centration in serum than in “interspace” fluid and on the higher water content of the 
latter. ; 
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reverse condition attained. This effect is not observed when the water is 
injected intravenously and provides additional evidence of the passage of 
chloride into the gut before absorption of the water can occur. 


I am greatly indebted to Dr L. E. Bayliss for helpful suggestions in the interpretation 
of the results and also for constructing the electrical unit of the apparatus used in measure- 
ment of chloride. 
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REFLEXES FROM THE BLADDER 
AND LARGE INTESTINE 


By A. E. BARCLAY ann K. J. FRANKLIN 


From the University Department of Pharmacology and 
the Nuffield Institute for Medical Research, Oxford 


(Received 25 June 1987) 


Tue work described below developed from a chance observation made 
by one of us (K. J. F.). In a decerebrate cat the bladder was found to 
be very full; every time that pressure was applied to empty it there was 
a contraction of the diaphragm and abdominal muscles. At the sugges- 
tion of Dr F. P. Luduefia, the rectal area was also tested, and a similar 
reflex was obtained from it. 


METHODS 


Five cats were used for the experiments, the last one being a male. 
Of the others, the first had not very long previously given birth, the 
second had a normal-sized uterus, the third was at almost full term, and 
the fourth was in the early stages of pregnancy with swellings c. 1-5 cm. 
in diameter in the uterine horns. In each case the animal was anes- 
thetized with 1: 2 chloroform-ether, the carotid arteries ligated, and a 
tracheal cannula inserted. Next, the skin above the left ear was divided, 
the cranium exposed over a suitable area, and a portion of its lateral wall, 
c. 2cm. in diameter, removed by trephining to expose the cerebrum. 
Decerebration was then performed, the cavity filled with cotton wool and 
the hole in the cranium plugged with a cork, over which the cut skin was 
sewn together again. About 15 or 20 min. later the anesthetic had been 
sufficiently eliminated for the reflexes to be elicitable. 

The vesical (or, perhaps, urethral) one was elicited by squeezing the 
bladder, or in some cases by pulling slightly on it. Squeezing the urethral 
end was more potent than squeezing the organ as a whole, and in the last 
_ cat the trigonal area appeared to be the most sensitive. The intestinal 
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reflex was usually elicited by squeezing frces from the more proximal 
portion of the large intestine into the rectum but, in the last cat, disten- 
sion of any part of the large intestine except the first few centimetres was 
able to initiate the reflex. Stimuli applied to other areas within the ab- 
_domen were impotent. 

The reflex action of the diaphragm and abdominal muscles was first 
studied by direct observation with the abdomen opened in the mid-line. 
Confirmation of the impressions so obtained was sought on the X-ray 
screen in the case of the second cat. Cinematographic and X-ray cine- 
matographic records were also made of this animal’s reflexes. 


RESULTS 


These were most marked in the first two cats and the last one, for the 
third had a very large uterus with four practically full-time foetuses in it, 
and the fourth developed decerebrate rigidity not long after the decere- 
bration. 

The movements reflexly produced were powerful contractions of the 
diaphragm and abdominal muscles, as was very apparent on screening; 
there were also contractions of certain facial muscles, producing “‘screw- 
ing up” of the mouth and bristling of the vibrisse. In the first cat, it was 
possible at will to vary the respiration rate by repeated squeezes to the 
bladder or into the rectum. In this cat, also, the reflexes were still pre- 
sent after the cord had been divided from the brain stem, though they 
‘were less in degree in the absence of respiration. The reflex response 
appeared to bear a relation to the strength of the stimulus, for the slight, 
fluid feces in one cat produced a weaker contraction of the skeletal 
muscles than did the large, solid feces in a second cat, when they were 
squeezed down into the rectum. In general, too, the rectal stimulus was 
more potent than the vesical one. In the fifth cat a single stimulus was 
not always effective, but summation of three or four subliminal stimuli 
produced a very powerful response. 

The presence of the very distended uterus in the third cat appeared 
to reduce the response to vesical stimulation, for the reflex movements 
seemed to be more powerful after the foetuses had been removed by 
Cesarean section. No reflex action resulted, before this, from an attempt 
to force a foetus down from the horn into the body of the uterus, but the 
foetuses were probably not yet viable. 

One of them was separated from its placenta and began, with slight 
stimulation, to respire. It was wrapped in cotton wool and placed in the 
warm. After it had been breathing for about 30 min., it was anesthetized 
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with ether and its cerebrum destroyed with a stylet. Later its abdomen 
was opened, and ¢he bladder found to be oval-shaped and ¢. 1-25 cm. in 
length. No vesical reflex was elicited on emptying the bladder, but one 
could not be quite sure that the anzsthetic was adequately eliminated, 
and further experiments must prove or disprove the existence of the re- 
flex in pre-natal life. 

Discussion 

The results, we think, provide a new basis for concepts of the mechan- 
isms of micturition and defecation. In the decerebrate animal compres- 
sion of the bladder, perhaps through dilatation of the sphincter or urethra, 
automatically calls into play the strong expulsive efforts of the diaphragm 
and abdominal muscles. Our experiments confirm the established views 
that the initial state of filling of the bladder is not of importance, for the 
reflex is equally elicitable with very varying degrees of filling. A reflex 
involving the same effector end organs is evoked by distension of any 
part, except the first, of the large intestine, though under normal circum- 
stances the rectum is that which is most liable to such distension. 

Superimposed upon these reflex activities in the intact animal is a 
varying degree of inhibitory influence provided by upper motor neurones. 
In the normal way, we voluntarily initiate a compression of our own 
abdominal contents by contraction of the diaphragm and abdominal 
muscles, and thys imitate the passive stimuli applied in the experiments 
described above. This initial compression, under favourable circum- 
stances, should cause in the same muscles a reflex contraction, suitably 
graded in intensity for the remainder of the process of micturition or of 
defecation. But, in many cases, further voluntary compressions will be 
needed at suitable intervals. On the other hand, circumstances may arise 
when a primary contraction of the smooth muscle of the bladder or in- 
testine itself provides a stimulus that is too powerful to be inhibited by 
the upper motor neurones. In this case there will be involuntary micturi- 
tion or defecation, or both. 

Inasmuch as the same skeletal muscles are called into play during 
parturition, it might be supposed that a corresponding reflex would exist 
with receptor end organs in the uterus or cervix uteri. We have as yet had 
no opportunity for testing this supposition by experiment but, as Dr 
Ranyard West has pointed out to us, the powerful contractions of the 
skeletal muscles, that accompany the pains of labour in chloroformed 
women, are explicable on such a basis. So also is the induction of labour 
by dilatation of the cervix, if the receptor end organs are in this region 
and the appropriate stimulus is distension of the canal. 
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On the other hand, it would be adverse to the proper progress of 
gestation if the reflexes from the bladder and intestine were not damped 
down somewhat in the later stages of pregnancy. As we have seen above, 
there is some suggestion that this actually occurs. If the suggestion is 
confirmed by further work, it will provide some explanation of the in- 
complete emptying of the bladder and of the large intestine, that may at 
times complicate pregnancy. 

SuMMARY 

In the decerebrate cat digital compression of the bladder causes marked 
reflex contraction of the diaphragm and abdominal muscles. Similar 
effects are produced within the large intestine, and in particular by the 
passage of feeces into the rectum. 


We wish to thank the Director of the Institute, Prof. J. A. Gunn, for the interest which 
he has shown in this work, and for a discussion of its implications, which strengthened our 
own views on the subject. 

The cinematograph and X-ray cinematograph films were shown to the Physiological 
Society at its Oxford meeting on 3 July 1937. 
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THE RATE OF EXCRETION OF INDIAN INK, 
INJECTED INTO THE LUNGS 


By A. E. BARCLAY anp K. J. FRANKLIN 
From the Nuffield Institute for Medical Research, and 
the University Department of Pharmacology, Oxford 


(Received 25 June 1937) 


As a control to experiments on the excretion of radio-opaque dusts 
(Barclay, Franklin & Macbeth, 1937 5), insufflated into the lungs, 
we have studied the rate of elimination of injected Indian ink. 


METHODS AND RESULTS 


All the experiments were done on cats’ lungs, as the cat is the species 
which we have used for our parallel work. In some cases we used the 
isolated lungs cum trachea preparation previously described [Barclay 
et al., 1937 a], in others animals decerebrated after trephining. 

In the first isolated preparation a small portion of the base of the 
right lung was cut off to expose a bronchiole c. 1 mm. in diameter. 
A small amount of Indian ink was injected into the bronchiole and the 
cut surface clamped off. The preparation was then placed in a bath of 
Ringer’s solution at 37° C. with the end of the trachea above the surface 
of the fluid. At the end of 18 min. from the time of injection the ob- 
server, looking down the trachea, saw the ink travelling spirally (clock- 
wise, viewed from above) along the main right bronchus towards the 
bifurcation of the trachea. It reached the bifurcation at a point less than 
half way across to the sternal side, and hence [Barclay et al., 1937 a] 
was directed back towards the dorsal surface of the trachea. This was at 
19 min. from the time of injection, and the distance travelled was 4 cm., 
measured in a straight line. In the trachea the ink was carried spirally 
(clockwise, viewed from above) upwards, turning through 200° and 
passing 8 cm. up the trachea in 6 more minutes. 

In a second preparation a similar injection was made into a bronchiole 
4-3 cm. from the bifurcation of the trachea. A trace of ink appeared at 
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the bifurcation in 15 min., and the bulk in 24 min. A second injection, 
into another bronchiole, took 8 min. to travel 2-4 cm. to the main right 
bronchus, and subsequent dissection showed that no ink remained at the 
site of injection or anywhere along the course. 

In a third preparation injected ink took 14 min. to reach the bifurca- 
tion from a bronchiole, 4-7 cm. distant, in the right lung. A similar in- 
jection, made after this, into a bronchiole of the left lung, took 22 min. 
to come nearly to the bifurcation. The ink was seen to travel spirally 
(clockwise, viewed from above) within the main left bronchus; the dis- 
tance travelled, measured in a straight line, was 4-5 cm., and no trace of 
ink remained behind. 

If we take the average of the above figures, we find that the ink 
travelled in the lung c. 0-25 cm. per min., measured in a straight line. 
In the trachea the rate was much greater and averaged in all our experi- 
ments c. 1 cm. per min. Seeing that the mucous blanket cannot be 
materially increased in thickness without inactivating the cilia, and that 
the circumferences of two bronchi together exceed that of the tube into 
which they unite, the increased rate of passage along the trachea is com- 
prehensible. As the normal secretion of mucus was unlikely to continue 
for very long in the isolated preparation, and as in other respects also 
such a preparation was likely to be less efficient than the lungs in situ in 
the living animal, there was every chance that the rates given above 
would be less than those occurring under more physiological conditions. 

Tests made in two decerebrate cats showed this to be indeed the case. 

A cannula was tied into the trachea of each animal, so the whole length 
of the trachea was not available for the experiment. In the first cat an 
incision was made between two ribs into the right pleural cavity, and a 
moderate amount of Indian ink was injected sub-pleurally into the right 
- lung. Artificial respiration was applied while the skin incision was being 
closed, in order to prevent a pneumothorax. Within 14 min. from the 
time of injection a large part of the ink had reached the distal end of the 
tracheal cannula. The actual distance travelled was not measured in vivo 
in this case, but in the exsected lungs cum trachea the site of injection was 
4 om. from the tracheal bifurcation and the distal end of the cannula was 
5 cm. from the same point. In the intact animal, both these distances 
would have been appreciably greater, for the trachea and lungs both re- 
tracted on removal from the body. In the second cat an injection was 
made into the right lung through the thoracic wall without any opening 
of the pleural cavity. The position of the needle was observed by means 
of X-ray screening, and it corresponded very closely with its position 
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during the subsequent injection of a radio-opaque mixture. The radio- 
opaque injection was just sub-pleural, as observed by screening and also 
in radiographs of the intact animal and of the exsected lungs. It is, there- 
fore, probable that the Indian ink injection too was sub-pleural; in 
support of this view there is the further fact that a certain amount of the 
injected ink was still present just below the pleura in the exsected lung. 
In this second cat, as in the previous one, a large portion of the ink was 
at the distal end of the tracheal cannula within 14 min. The distances 
travelled were 2-6 cm. within the lung and 7-0 cm. up the trachea, as 
measured after exsection. The tracheal distance, measured in a lateral 
radiograph taken in vivo about half way between inspiration and ex- 
piration, was 9 cm.; the intrapulmonary distance could not be similarly 
measured, because the bifurcation did not show up clearly in the one 
sagittal radiograph taken. 

It is unlikely that the injections in these two cats went directly into 
bronchioles, for there was no sign of this on post-mortem dissection ; also, 
the Indian ink did not come up all together, as it did when injected direct 
into bronchioles in the isolated preparations, but in divided portions. 
There was, therefore, more to be done in the decerebrate animals than in 
the isolated preparations in order to carry the ink from the lungs up the 
trachea, yet the rates of travel in the living animal were relatively 
greater. 

SuMMARY 

Indian ink, injected into fine bronchioles in the isolated lungs cum 
trachea preparation of the cat, travelled on an average 1 cm. in 4 min. 
in the lungs, and 1 cm. in 1 min. in the trachea. 

Indian ink, injected sub-pleurally into the lungs of decerebrate cats, 
was carried to the distal end of the tracheal cannula in 14 min. The 
distance travelled, estimated from a comparison of radiographic and 
post-mortem measurements, averaged about 4cm. in the lungs and 
8 cm. in the trachea. 

_ All the above distances are straight measurements from point to 
point. As the movement within the trachea and bronchi is a spiral one, 
the actual distances travelled by the ink were considerably greater. 
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A meTHoD by means of which a substance, acting like histamine, can be 
extracted from blood and quantitatively assayed, was developed by 
Barsoum & Gaddum [1935]. A study of this method led to the develop- 
ment of a simplified procedure [Code, 1937 a]. When estimating the 
histamine equivalent of blood by either of these methods, it was im- 
portant to ascertain which portion of blood yielded the active substance. 
In their original publication, Barsoum & Gaddum [1935] stated that 
_- the concentration of the histamine-like activity was higher in the 
- corpuscles than in plasma. Anrep & Barsoum [1935] and Barsoum & 
Smirk [1936] reported that in normal rabbit and human blood the 
major portion of the activity was associated with the red cells, but their 
methods did not involve a distinction between the red and white cells. 
In a recent series of experiments 70-100 p.c. of the whole-blood histamine 
equivalent was found in the white cell layer of unclotted centrifuged 
blood [Code, 1937 5}. : 
The present investigation was undertaken with the hope of deter- 
mining which of the constituents of the white-cell layer of centrifuged 
blood gave rise to the histamine-like activity. The white-cell layer con- 
sists of white blood cells and platelets. When rabbit blood clots, the 
activity is liberated from the white-cell layer and appears in the serum 
[Code, 1937 6]. This observation focused attention upon the platelets 
as the likely source of the active substance. , 


1 Fellow of the Mayo Foundation. 
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PROCEDURE 


Extracts were prepared from whole blood, plasma, the cellular con- 
stituents of blood, sterile exudates and lymph glands, by the modified 
method [Code, 1937 a]. The histamine equivalent of the extracts was 
estimated on the guinea-pig ileum suspended in 2-3 c.c. Tyrode solution 
to which atropine had been added in the concentration of 1-0 y/c.c. 
Micrometer syringes calibrated to 0-0001 c.c. were used for all assays. 
Estimates are expressed as quantitatively equivalent to histamine base. 
When sufficient material was not available for duplicate extracts, the 
results were checked by other procedures as later indicated. Special 
methods employed in different groups of experiments are described in 
corresponding sections of the report. 

As previously reported [Code, 1937 6] histamine equivalent values 
below 0-01 y/c.c. cannot be consistently or accurately assayed, and 
because of their doubtful significance they are not included in the data. 

Early in this study it became evident that valuable information 
could be obtained by a study of the blood of patients having certain 
blood dyscrasias. Before I had access to clinical material Prof. A. D. 
Macdonald, who was in close touch with the progress of this research, 
kindly carried out a series of estimations on the blood of such patients. 
He most generously offered to place his results at my disposal, and I am 
pleased to be able to include them in this report. — 
noted on the tables. 

_ EXPERIMENTAL RESULTS 


Blood platelets 

The object of these experiments was to determine separately the 
histamine equivalents of the platelets and the white cells of horse, rabbit 
and human blood. Anticoagulants were used which maintained the 
normal distribution of the histamine-like activity [Code, 1937 }). 
Separation of the formed constituents of blood was obtained by differ- 
ential centrifugalization. The most satisfactory results were obtained 
by maintaining the platelets in suspension until the other formed elements 
had been deposited. Samples were taken from the uncentrifuged blood, 
the deposited red cells, and following each step in the separation, from 
the supernatant plasma. The white-cell and platelet deposits were 
generally extracted in toto. It was thus possible to compare the total 
activity in the uncentrifuged blood with that recovered in the separated 
fractions, and to follow the disappearance of the activity from the fluid 
portion of the blood and its appearance in the deposits. In order to 
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correlate the histamine equivalents of each fraction with the presence or 
absence of red cells, white cells and platelets, differential cell counts were 
done on stained smears of the supernatant fluid and the cellular deposits. 
Geisma or Leishman stain was used and 300 or more cells were counted. 


1. Horse-blood platelets. 


Horse blood was taken directly into a graduated cylinder containing 
sufficient 10 p.c. potassium oxalate to give a final concentration of 
0-1-0-16 p.c. Centrifuging to remove the red cells was unnecessary 
since, in shed horse blood, the red cells agglutinate and settle by gravity 
in a discrete layer. Before a definite white-cell layer had formed the 
supernatant plasma was removed, and two 80-100 c.c. portions centri- 
fuged. Histamine estimations and differential cell counts were made on 
similar fractions of each, and in reporting the results these have been 
averaged. With two exceptions the histamine equivalents of these 
fractions did not differ by more than 6 p.c., and in no instance was the 
difference greater than 25 p.c. 

White-cell deposits were obtained by centrifuging the gravity- 
separated plasma for about 20 min., at 900-1000 rev./min. Centrifuging 
at 3500-4000 rev./min. for 25-40 min. deposited the platelets from the 
remaining plasma. The white-cell deposits from 80-100 c.c. plasma were 
between 0-2 and 0-4 c.c., and the platelet deposits from the same quantity 
of plasma measured 0-1-0-2 c.c. Because of the procedures used the 
results fall into three groups: first, the changes in the plasma histamine 
equivalent coincident with the removal of the suspended cells; secondly, 
the histamine equivalent per c.c. deposit in relation to its composition ; 
and. thirdly, the recovery in the various deposits of the total activity 
associated with the plasma before centrifuging. 

Gravity-separated plasma, containing relatively few red cells and 
numerous white cells and platelets, was rich in histamine-like activity 
(Table I). The low platelet percentage in the original plasma of Exp. 1 
(Table I) may be ascribed to difficulty in identifying the small and poorly 
stained platelets of this specimen. In all experiments removal of the 
white cells by slow centrifugalization resulted in a disappearance of the 
histamine-like activity. 

Results obtained by extraction of the red-cell, white-cell and platelet 
deposits were definite and leave little doubt as to the source of the active 
substance in horse blood (Table II). The red cells derived from gravity 
sedimentation were equivalent to 0-03 y histamine or less per c.c. The 
histamine equivalent per c.c. white-cell deposit averaged 19-71 y. This 
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Taste I. The histamine equivalent of horse plasma before and after 
centrifuging down the white cells and platelets 


Distribution of cells in 
Exp. Plasma obtained following RBC. W.5E.C. Pi. plasma 
sedimentation 16 52 32 0-07 
sedimentation 11 14 15 0-08 
Slow centri ‘al Occasional 99 + 0-00 
(c) Rapid cen ' 0 0 0 0-00 
3 (a) Gravity sedimentation 6 0-04 
6) Slow 99 + 0-00 
te} Rapid 0 0 0 0-00 


t carried out on blood from a different horse. 
thane one of tha of per 109 counted. 


Taste II. The histamine equivalent of red cells, white cells, and platelets separated from 
horse blood by gravity sedimentation of the red cells and differential centrifugalization 


__ of the plasma | Composition of cellular Y 

deposit (p.c.) histamine 

c.c. 

Exp. Cellular deposit obtained by R.B.C. W.BC. Pl. Sepenis 
Rapidly centrifuging plaama £= 6 93 0-00 

2 (a) Gravity sedimentation 99 + — _ 0-03 

(6) Slowly cen ig plasma 28 45 27 19-68 

(c) Rapidly cen plasma _ _ 99 + 0-50 


deposit always contained some red cells and platelets. The activity con- 
tributed by the red cells must have been less than 0-03 y. The maximum 
histamine equivalent per c.c. practically pure platelets was 0-5 y. At 
least 19 y of the 19-7 y extracted from the white-cell deposits was due to 
the presence of the white cells. 

Comparison of the quantity of histamine-like substance recovered 
from the white-cell and platelet deposits with that estimated in the 
80-100 c.c. plasma before centrifuging, indicated that none of the active 
substance had been overlooked (Table III). 


Tasxex III. The recovery from the white cell and platelet deposits of the histamine- 


y histamine in 
y histamine y histamine Total uncen 
white cell ~ platelet activity 
Exp. deposit deposit. — recovered (80-100 c.c.) 
1 6-13 0-00 5-13 5-95 
2 0-05 7-92 
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9, Rabbit-blood platelets. 


Rabbit blood has a histamine equivalent value approximately fifty 
times that of horse blood, and it therefore seemed probable that striking 
differences would be found between the histamine equivalent value of 
the white cells and platelets. When potassium oxalate is added to rabbit 
blood the histamine-like activity gradually escapes from the white-cell 
layer into the plasma (Code, 1937 6] and for this reason heparin, which 

the normal distribution of the active substance, was used. 

Rabbits under ether anesthesia were bled directly into paraffined, 
cooled cylinders containing 0-4 c.c. 1 p.c. sterile heparin solution per 
50-100 c.c. blood. Samples were removed for extraction and the re- 
maining blood centrifuged in one tube (Exps. 1, 2, Table IV) or divided 
into equal portions and céntrifuged separately (Exps. 3, 4, Table IV). 

Efforts were at first made to separate the red cells, white cells and 
platelets by three centrifugalizations (Exp. 1, Table IV). The procedure 
was slow, and microscopic examination of the deposits revealed marked 
white-cell disintegration. In order to reduce the time and manipulations, 
the red cells and white cells were deposited together by centrifuging at 
1200-1500 rev./min. for 15-20 min. The plasma rich in platelets was 
removed, and the white-cell layer skimmed from the surface of the red- 
cell mass. Numerous red cells were present in the white-cell collection, 
but the histamine equivalent of pure red cells was, in each experiment, so 
low that no correction for their presence was made. Although the red 
cells were sampled from the bottom of the centrifuge tube, they were 
always contaminated by some plasma and occasional white cells and 
platelet clumps. The platelets were deposited by centrifuging the plasma 
at 3500-4000 rev./min. for 20-30 min. The volume of blood centrifuged 
and the volumes of red cells and plasma obtained were measured. The 
quantity of white cells collected could not be accurately measured. 
Results were therefore expressed as y histamine per fraction of the 
centrifuged blood, and the percentage of the total activity contributed 
by each fraction was calculated. The sum of the values for each fraction 
gave the total activity recovered from the centrifuged blood, and this 
was compared with the estimated equivalent for an equal quantity of 
uncentrifuged blood (Table IV). 3 

In these experiments the plasma and red-cell histamine equivalents 
together accounted for less than 18 p.c. of the total activity (Table IV). 
Values obtained for the white-cell collections and platelet deposits were 
exceedingly variable. The platelet deposits yielded from 6-50 p.c. of the 
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Tase IV. Histamine recovered in plasma, red cells, white cells and platelet 


material of rabbit blood 
Fractions y histamine Distribution 
Exp. by poh ~ am per fraction of activity (p.c.) 
Platelet material 71:8 
Estimated total 139-0 — 
2 Plasma 4:37 3-8 
Red cells 2-82 2-4 
White-cell collection 100-00 87:3 
Platelet material 7-39 6-5 
Total recovered 114-58 
total 134-90 
P.c. recovered, 86 
3 Plasma 116-0 15-5 
Red cells 1 1:3 
White-cell collection 48-2 
261-0 35-0 
Total recovered 747-0 
total 
P.c. recovered, 72 
4a Plasma 4:34 6-6 
0-60 0-9 
White-cell collection 50-00 75-9 
| 10-91 16-6 
Total recovered 65-85 
total 66-00 
P.c. recovered, 99 
46 Plasma 2-93 45 
Red cells 0-62 10 
White-cell collection 54-45 84-3 
Platelet material 6-56 10-2 
Total recovered 64-56 
total 67-00 
P.c, recovered, 96 


Each experiment carried blood from a different animal. Fractions separated 
Tho figures of Exp. 3 re average renal fom four equal 


total extractable activity. Microscopic examination of these deposits 
showed that, in every experiment, the material obtained was con- 
taminated by only a few red cells and an occasional lymphocyte. The 
activity associated with the white-cell collections accounted for 48-87 p.c. 
of the total. Because these collections contained some platelet material, 
it might be concluded that, in rabbit blood, the platelets are the main 
source of the histamine-like substance. It is possible, however, that this 
conclusion is incorrect. 

In rabbit blood most of the white cells of the myeloid series contain 
eosinophil granules in their cytoplasm. The variable results may have 
been due to the disintegration of these apparently fragile cells. 
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The amount of “platelet” material obtained and the quantity of 
histamine-like substance associated with it, seemed to depend partly 
upon the length of time and the amount of trauma associated with 
separation. In Exp. 1 (Table IV) in which the blood was centrifuged 
three times, the “platelet” deposit accounted for approximately 50 p.c. 
of the whole-blood activity. In the same experiment, smears of the 
plasma containing the white cells and platelets showed not a single 
intact granular white cell. The cytoplasm had separated from the 
nucleus and, in addition, all stages of nuclear disintegration were evident. 
The white-cell deposit consisted largely of the naked nuclei of the granular 
leucocytes. Lymphocytes and monocytes appeared normal. Experiments 
with blood adequately protected with heparin and rapidly carried out 
gave less “platelet” material with a lower histamine equivalent value 
(Exp. 2, Table IV), but even in these instances there was evidence of 
white-cell breakdown. The quantity of “platelet” material in the white- 
cell collections was not apparently increased, but because the individual 
platelets could not be identified no reliable counts were made. 

From this series of experiments no definite conclusions have been 
drawn. Whether the histamine-like activity associated with the “plate- 
let” deposits may be attributed to leucocyte disintegration can, appar- 
ently, only be settled by a histological study. If rabbit platelets could be 
obtained without coincident leucocyte breakdown, it would seem pro- 
bable that their histamine equivalent would not be significant. 


3. Human platelets. 

Human platelets were prepared by methods similar to those used for 
rabbit blood. Blood was withdrawn rapidly from the anterior cubital 
vein into a 50 c.c. syringe previously rinsed with liquid petrolatum and 
containing 0-7 c.c. 1 p.c. sterile heparin. Samples were taken and the 
remainder centrifuged at 1500 rev./min. for 15-20 min. Examination of 
the plasma showed it to be rich in well-formed discrete platelets. The 
white-cell collections contained relatively few platelets, and there were 
no signs of white-cell disintegration. As with the red-cell mass of rabbit 
blood, that of human blood was contaminated with a considerable 
quantity of plasma and occasional platelets and white cells. Rapid 
centrifugalization.of the plasma deposited a definite sheet of material 
which, except for an occasional red cell and lymphocyte, was composed 
of platelets. Even in this mass the dark-stained portion of the individual 
platelets could be identified. 

In two of these experiments the platelet deposits were free of the 
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active substance (Table V). In the third case activity was just detectable 
and accounted for 2 p.c. of the total. The white-cell collection gave 
62-77 p.c. of the activity. The relatively high values obtained for the 


Taste V. Histamine recovered in plasma, red cells, white cells and 


platelets of human blood. 
Fractions se y histamine Distribution 
Exp. by per fraction of activity (p.c.) 
1 Plasma 0-00 0-0 
Red cells 0-38 3746 
White-cell collection 0-63 62-4 
- Platelets 0-00 oF 
Total recovered 101 
total 1-02 
P.c. recovered, 98 
2 Plasma 0-15 6-2 
Red cells 0-36 14-9 
White-cell collection 1-85 76-8 
Platelets 0-05 2-1 
Total recovered 2-41 
total 2-40 
P.c. recovered, 100 
3 Plasma 0-17 10-9 
Red cells 0-32 20-5 
. White-cell collection 1-07 68-6 
Platelets 0-00 0-0 
"Total recovered 1-56 


Estimated total 
P.c, recovered, 100 
carried blood of 
a different subject. Fractions separated by 
red-cell mass (14-38 p.c.) were grobebly due to the contamination by 
white cells. The platelets were not the source of the histamine-like 
activity. 

In horse and human blood the leucocytes were the major source of 
the active substance. Although high values were obtained for the plate- 
lets of rabbit blood, it was possible that in this blood most of the activity 
was derived from the white cells. Experiments were therefore done to 
test the histamine-like activity yielded by the different types of leuco- 
cytes; these may be divided into the non-granular and the granular 
series, and experiments were planned in accord with this division. 

The non-granular series of cells. 
The histamine-like activity of lymphocytes was studied by deter- 


mining the histamine equivalent value of lymph glands and the blood of 
patients having lymphatic leukemia, 
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Lymph glands. Lymph glands from the abdominal and thoracic 
cavities of two etherized rabbits were weighed, cut in small pieces into 
10 p.c. trichloroacetic acid and ground up with clean sand. The filtrate 
from this material was treated in the same manner as ordinary blood 
filtrates, and the final extract was estimated upon the guinea-pig ileum. 
In each experiment the histamine-equivalent value of the lymph = 
was compared with that of the blood. 

In Exp. 1 the histamine equivalent of 1 g. lymph gland was 3-3 sail 
1 ¢.c. blood of the animal was equivalent to 8-0 y histamine. In Exp. 2 
the blood histamine equivalent was 2-0 y/c.c., and that for lymph glands . 
was 1-6 y/g. In these experiments it could be concluded that the hista- 
mine-like activity contributed to the blood by the relatively small 
number of lymphocytes present would be insignificant. 

The blood of patients having lymphatic leukemia. The experiments 
involving assay of extracts from lymph glands are open to the criticism 
that circulating lymphocytes may not be similar to those held in lymph 
glands. Extracts of blood containing a high percentage of ——a 
were prepared from six patients having lymphatic leukemia. 

Haworth & Macdonald [1937] have studied the histamine oqui- 
valents of the blood of 103. university’ students. The values obtained 
ranged from 0-01-0-08 y/c.c. Estimates of the whole blood of the 
lymphatic leukemia patients were, with one exception, within this 
range (Table VI). The highest figure obtained was 0-1 y/c.c., and in this 


Taszx VI. The blood histamine equivalent of patients with lymphatic leukemia 


White cells y histamine 
per cmm. Lymphocytes - equivalent 


Patient p-c. per c.c. blood 
C. R.* 157,000 93 0-021 
J.W.* 228,000 98 0-051 

E. M. 22,300 | 96 0-029 

8. H. 31,400 87 0-100 

E. 110,000 95 0-086 
B.C. 413,000 99 0-062 


* Prof. A. D. Macdonald’s cases. 


case many granular cells were present (case 8. H., Table VI). In the last 
case the presence of over 400,000 lymphocytes per cmm. blood did not 
elevate the histamine equivalent. 

Monocytes. During experiments upon the histamine equivalents of 
white cells obtained from sterile pleural exudates, it was found, quite by 
accident, that large numbers of monocytes appeared in exudates in 
response to the injection of liquid petrolatum mixed with an irritant. 
The right pleural cavity of two rabbits was injected with this mixture, 
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and 5 days later the animals were bled out, under ether anmsthesia, 
and the exudates removed. On rapid centrifugalization the exudates 
separated into three layers, an upper thick creamy layer, a middle clear 
portion and a small deposit. Examined microscopically, the upper layer 
was found to consist of a mixture of red cells and white cells, atid of the 
latter approximately 90 p.c. were monocytes. The monocytes had phago- 
cytosed particles of oil and on centrifugalization had collected on the 
surface. Extracts were prepared from 1-4 c.c. samples of this layer. The 
histamine equivalent values per c.c. were 0-45 y in the first rabbit and 
0-0ly in the second. The only significant difference in the white cells of 
the monocyte layer of the two exudates was the presence of 12 p.c. 
polymorphonuclear cells, containing eosinophil granules in the first and 
only 2 p.c. in the second. The blood histamine equivalent of the two 
animals exceeded 1-5 y/c.c. The experiments indicate that monocytes 
make no significant contribution to blood histamine equivalent. 

The amounts of histamine-like activity yielded by extraction of 
_ material, rich in the non-granular series of white cells, showed that this 
type of cell was not responsible for the active substance in blood. 

The granular series of white cells. 

The adult forms of the granular series of cells are the polymorpho- 
nuclear neutrophil, eosinophil and basophil. If the conclusions drawn 
from the earlier experiments are correct, one type or all of these cells 
must be rich in histamine-like activity. In myeloid leukemia all of the 
granular series of cells are generally present in greatly increased numbers 
in circulating blood. 

The blood of myeloid leukemia patients. Extracts were prepared from 
the blood of five patients. The white-cell counts of these patients varied 
between 74,000 and 257,000 per cmm. blood, and of these, over 90 p.c. 
belonged to the granular series (Table VII). The whole-blood histamine 


B.* Before 257,200 97 175 
After 74,800 90 63 
A. H.* Before 176,800 97 3-0 
After 167,200 95 1-8 
H. After 95,000 95 16 
Cc. After 100,000 92 15-0 
P. Before 224,000 99 3-1 


* Prof. A. D. Macdonald’s cases. 
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equivalents of these patients were from 20 to 200 times the upper normal 
value (0-08 y/c.c.). In the two cases tested before and after X-ray 
therapy, the reduction in the white-cell count following treatment was 
accompanied by a fall in the histamine equivalent. Although the whole- 
blood histamine equivalent of myeloid leukemia blood was raised, it 
was still necessary to prove that the additional activity arose from the 
white cells. In two cases the blood was centrifuged, and extraction of 
the white-cell layer yielded 90-98 p.c. of the total activity. 

In myeloid leukemia the platelets are generally normal or reduced 
in number. The above results, therefore, are direct evidence that the 
granular series of cells is the source of the histamine-like substance in 
blood. 

The next experiments were designed to gain some insight into the 
histamine equivalent of the separate members of the granular series of 
cells. As will be seen, although the individual experiments have been 
indicative, they have not been sufficiently extensive to allow final con- 
clusions. 

The polymorphonuclear neutrophils. Cellular deposits consisting of 
70-80 p.c. neutrophils were obtained from sterile exudates, induced in 
dogs by the intrapleural injection of a 5 p.c. suspension of a proprietary 
infant’s food, which others have found effective for this purpose (Mellin’s 
food). Extraction of 2 or more c.c. of these deposits did not yield esti- 
mable quantities of the active substance. The neutrophil as found in the 
dog was not apparently the source of the histamine-like activity. 

The eosinophils. Upon the basis of their staining reactions, the place 
of the polymorphonuclear neutrophil of dog blood is taken in rabbit 
blood by a cell rich in eosinophil granules, namely, the pseudo-eosinophil. 
The histamine equivalent of rabbit blood has generally been 50-200 times 
that of dog blood. Because it is possible that rabbit platelets may contain 
the activity, no great emphasis can be placed upon this comparison. 

In one rabbit a sterile exudate was obtained by the intrapleural 
injection of 5 p.c. Mellin’s food. The cellular deposit of this exudate 
contained 35 p.c. pseudo-eosinophils and the histamine equivalent per c.c. 
deposit was 1-8. In response to the intrapleural injection of 2 p.c. 
sodium ricinoleate in two rabbits, copious exudates, comparatively poor 
in cells, were obtained. In both exudates over 90 p.c. of the cells were 
red blood cells, but despite this the cellular deposits were rich in hista- 
mine-like activity. White-cell differential counts of the deposit from the 
first rabbit showed the presence of 29 p.c. pseudo-eosinophils and 11 p.c. 
real eosinophils and the histamine equivalent per c.c. of this deposit was 
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8-8 y. In the second, 31 p.c. of the white cells were pseudo-eosinophils, 
1 p.c. eosinophils and the histamine equivalent was 1-2 y/c.c. 

An attempt has been made to induce an eosinophilia in the blood of 
two dogs by the repeated oral administration of Nirvanol (phenylethy]- 
hydantoin). Following a 10-day control period, the animals received 
0-1 g. Nirvanol twice daily for 10 and 20 days. They showed no general 
reactions to the drug, their condition steadily improving following 
admission to. the laboratory kennel. 

During the control period there was a striking difference between 
the blood of these dogs. That of the first animal, a vigorous young female, 
contained few eosinophils (120-123 per cmm. blood) and the histamine 
equivalent was less than 0-Oly/c.c. The second dog was old and his 
general condition poor. The eosinophils in his blood were 480-650 per 
cmm., and the histamine equivalent was approximately 0-04 y/c.c., and 
78 p.c. of this activity was found in the white-cell layer of the centrifuged 
blood. 

In the case of the first animal, although Nirvanol administration was 
continued for 20 days, the increase in eosinophils and histamine equivalent 
was no greater than that later found to occur spontaneously. The 
fluctuations were so small that it was possible they did not exceed the 
error of the methods used. At the end of 10 days’ Nirvanol administration, 
the eosinophils in the blood of the old male had risen to 802 per cmm. and 
the histamine equivalent was then 0-075 y/c.c. When the drug was dis- 
continued the eosinophils fell to their former number and the histamine 
equivalent value returned to its previous level. | 

Prof. A. D. Macdonald has studied the blood of four patients with 
eosinophilia. In every instance the histamine equivalent exceeded the 
upper normal value of 0-08 y/c.c. (Table VIII). Following removal of a 


Tas VIII. The blood histamine equivalent of patients with eosinophilia 


No. of _y histamine 
Patient Eosinophilia associated with per emm, blood Br blood 
E. P.* Parasite (?) 3000 0-50 
1850 0-44 
2010 out 0-51 
K. H.* Splenic anemia with 1230 0-19 
‘Splenectomy 980 
8. C.* ? 960 (O15 
1090 0-14 
Parasite 650 100 
Parasite removed 1470 0-18 
U.C. Pemphigus 1900 004 


Prof. A. D. Macdonald's cases. 
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parasite in one case, the histamine equivalent fell from 1-00 to 0-18 y/c.c., 
while the eosinophils rose from 650 to 1470 per cmim. (case E. 8., 
Table VIII). The increase in eosinophils was associated with a leucocy- 
tosis following treatment. One patient, whose histamine equivalent we 
have had the opportunity of estimating, was suffering from pemphigus 
and had an 8 p.c. eosinophilia. The histamine equivalent of this patient’s 
blood was not increased. The observation was not repeated, but it 
indicates that eosinophils may not always have associated with them 
a high concentration of histamine. 

The basophils have not been separately studied. The blood of one 
patient with myeloid leukemia, the white cells of which were pre- 
dominately basophilic, gave an equivalent of 15 y/c.c. Many of the white 
cells were immature. It is doubtful whether data collected from such 
cases would justify conclusions as to the nature of the granulations in 
the adult cells giving the highest yield of histamine. 


The case of dog’s blood 


The conclusion which emerges from the facts already considered, 
namely, that the histamine which can be extracted from normal blood is 
derived chiefly, if not entirely, from the leucocytes, may appear to be 
inconsistent with certain data obtained from dog’s blood. In the earlier 
paper [Code, 19376] it was recorded that in the blood of four dogs which 
gave total histamine equivalents of 0-01+ or less per c.c., that is, in which 
the activity obtainable was below the threshold of accurate estimation, 
no greater apparent activity per c.c. was obtained from the separated 
layer of white cells. It must be pointed out that, at such low activities, 
it has been impossible to ascertain what fraction of the observed physio- 
logical effect is due to histamine, and to what extent other non-specific 
actions on the guinea-pig intestine preparation contribute to the result. 
In addition we have obtained no evidence that activity of this order 
was present in the blood prior to chemical treatment, and it seems 
likely that in these instances the blood was free of histamine. In the 
blood of one dog,-with a histamine equivalent of less than 0-01 y/c.c. 
whole blood and no increased concentration in the white-cell layer, there 
were 6000 leucocytes per cmm., and of these 70 p.c. were neutrophils, 
16 p.c. lymphocytes, 12 p.c. monocytes and 2 p.c. eosinophils. It is 
probable that the white cells of the blood of the other dogs, yielding 
histamine equivalents. of approximately 0-01 y/c.c., were also present 
in normal numbers and that none of the cells were performing the 
function of histamine carriage in the blood. In all cases so far studied of 
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normal dog’s blood yielding an activity of a measurable order, recogni- 
zable as definitely of the histamine type, this was extracted in the white- 
cell layer as in the blood of other species. 


Discussion 


There are numerous gaps between the various groups of experiments 
comprising this investigation. The material extracted for histamine-like 
activity has been derived from many animal sources. In some instances 
it has been necessary to make general application of conclusions drawn 
from results on a single species, and this is probably the greatest weakness 
of the study. To establish definitely whether only one type of cell may 
assume the function of histamine transport in blood will require evidence 
from many sources. The human patient offers the greatest possibilities 
for the accumulation of such data. A study of this nature could not at 
present be undertaken, and for this reason the work has been reported 
at its present stage. 

The platelets of human and horse blood did not contain significant 
quantities of histamine, while in both species the white cells were rich 
in the active substance. The variable results obtained with rabbit blood 
have not been satisfactorily explained. “Platelet” material rich in 
activity can, indeed, be obtained from rabbit blood, but in our experience, 
as already,mentioned, collection of such material has always been accom- 
ocala marked white-cell disintegration. This latter observation 
prevented the conclusion that, in these experiments, the true platelets 
were the source of the activity. Even in those experiments which were 
rapidly carried out, the “platelet” deposits from rabbit’s blood contained 
much more histamine than the preparations of true platelets from other 
species; though in these rapid experiments it represented less than 17 p.c. 
of the total blood activity. : 

Extraction of lymph glands and blood of lymphatic leukemia patients 
excluded the lymphocytes as a source of blood histamine. Monocytes 
obtained in exudates, and apparently identical with those in blood were, 
from the point of view of this study, free of activity. 

The source of the active substance had now been narrowed to the 
granular series of cells. The results obtained from the blood of myeloid 
leukemia patients confirmed this deduction. These patients’ white blood 
cells contained relatively enormous quantities of histamine-like activity, 
but the significance of its presence is not known. 

The observation that the neutrophil of dog blood does not contain the 
active substance cannot without further evidence be applied to all 
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species. A predominately neutrophil leucocytosis did not, in the one 
human case we have studied, cause an increase of the blood histamine 
equivalent. The results indicated that the neutrophils are not usually 
concerned with the transport of histamine. 

The first postive results obtained were with cells showing eosinophil 
granules. Eosinophils may be present in blood without an increase in 
the histamine equivalent. The accumulated evidence, however, allows 
the conclusion that the eosinophil is, at least in most cases, a source in 
blood of the histamine-like activity. 

There is no reason to assume that the staining reactions used in this 
study will distinguish histamine-containing cells. Other more suitable 
methods may be found. Histamine carriage is apparently a function of 
the cell which, in a strict sense, may not be related to its morphology. 


SUMMARY AND CONCLUSIONS 


1. The histamine-like activity extractable from white blood cells 
has been studied in order to determine the source of the substance in 
blood. 

2. The platelets. Human- and horse-blood platelets did not yield 
significant amounts of the active substance, and in both species its 
source was the leucocytes. Variable quantities of activity were obtained 
from rabbit “platelet” material. There is evidence suggesting a variable 
contamination of the “platelet” deposits from rabbit’s blood with frag- 
ments of the fragile leucocytes of this species. 

3. The non-granular series of cells. The histamine equivalent of 
extracts of rabbit lymph glands was so low that the activity contributed 
by the presence of lymphocytes in blood would be of no significance. 
This result was confirmed by a series of estimations on the blood of 
lymphatic leukemia patients. Increased numbers of lymphocytes in 
circulating blood did not elevate the histamine equivalent. Extraction 
of monocytes, obtained in exudates, indicated that such cells would 
make no significant contribution to the histamine equivalent of blood. 

4. The granular series of cells. It was concluded that the granular 
series of white cells are the major source of the histamine in blood, and 
this was confirmed by the finding that the histamine equivalent of 
myeloid leukemia blood was 20-200 times normal. The neutrophils of 
dog blood did not yield estimable quantities of the active substance. 
Evidence is presented which suggests that the eosinophils are, at least in 
certain circumstances, a source of the histamine in blood. The basophils 
‘have not been separately studied. 
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I am indebted to Dr M. Maizels, University College Hospital, and Dr L. E. H. Whitby, 
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Hynes for blood counts on patients. Samples of horse blood were kindly supplied to me 
by Major G. W. Dunkin and Mr Balfour-Jones. Part of the expense of this research 
was defrayed by a grant from the Donald Balfour Educational Fund. 
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THE ISOLATION OF HISTAMINE FROM THE) 
WHITE CELL LAYER OF CENTRIFUGED 
RABBIT BLOOD 


By C, F. CODE’ H. R. ING 


From the Department of Physiology, Pharmacology and Biochemistry, 
University College, London 


(Received 9 July 1937) 


Extracts of blood having a histamine-like activity have been prepared 
by a variety of methods. Harris [1927] worked with simple alcoholic 
extracts, but later authors have used more drastic methods. Best & 
McHenry [1930] prepared aqueous extracts by boiling blood with 
hydrochloric acid. Barsoum & Gaddum [1935] found that trichlor- 
acetic acid extracts of blood showed activity which was clearly not all 
due to histamine, but after the extracts had been boiled with acid they 
appeared to contain histamine and inorganic salts and no other pharma- 
cologically active substance in sufficient quantity to interfere with the 
assay. A modification of the Barsoum-Gaddum process published — 
recently [Code, 1937 a] also involved boiling the extracts with acid. 

The methods of extraction which involve boiling with acid are open 
to the criticism that some or all of the histamine activity may be due to 
secondary reactions occurring during this rather drastic process, and that 
histamine may not be present as such in blood. 

Histamine activity can, however, be demonstrated in blood by methods 
which do not involve any drastic chemical treatment. When rabbit blood 
is allowed to clot, the major part of the histamine activity is found in 
the serum [Code, 1937 6], and it can be assayed directly without any 
chemical extraction. Again, in centrifuged unclotted blood, 70-100 p.c. 
of the histamine activity is found in the white cell layer [Code, 1937 5) 
and simple trichloracetic acid extracts of the white cell layer show the 
same activity as extracts which have been boiled with acid. 

These preliminary experiments convinced us that the substance 
responsible for the histamine activity occurred as such in the white cells 
1 Mayo Foundation Fellow. 
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of blood, and might be isolated from this source without employing 
drastic chemical methods. It was clear that the main difficulty would be 
the collection of sufficient material to give workable quantities of the 
active substance. The white blood cells of the large domestic animals 
(horse, bullock and goat) were tested for histamine, but the yields were 
disappointing and consequently the rabbit, which has the highest normal 
blood histamine equivalent of any animal so:far tested, was selected as 
the source of material. 

The steps in this investigation fall under three headings: first, a pre- 
liminary study to ascertain whether the activity in extracts was due to 
the methods used in extraction; secondly, collection of material; thirdly, 
the isolation of the active substance. | 


ANALYSIS OF THE EFFECTS OF ACID BOILING! 
In five experiments the histamine equivalent of untreated rabbit 
serum was compared with that of trichloracetic acid filtrates of the same 
material which had been boiled with acid (Table I). With freshly pre- 


Tasiz I. Comparison of the histamine equivalent of untreated rabbit serum 
with that of serum extracted by the modified method 


y histamine/c.c. 
‘Assayed by -Assayed by 
guinea-pig cat's blood 
Exp. Serum intestine pressure 
1 Untreated 0-50 1-30 
Extracted 0-63 0-50 
2 Untreated 3-30 2-50 
Extracted 2-91 4-00 
3 Untreated 2-81 2-86 
Extracted 2-11 181 
Untreated 
Extracted 1-51 
5 Untreated 4-06 — 
Extracted 1-42 _ ° 


Each Nod ain Histamine equivalents of extracts 
are means of duplicate samples, 


pared serum (Exps. 1-3) there was approximate agreement between the 
histamine equivalent of the untreated and of the extracted serum, 
indicating that the activity was free in the serum and was not produced 
by the boiling with acid. It was noticed, however, that when blood was 
allowed to stand for some hours, the histamine equivalent of the un- 


for Medical Research, Hampstead, London. 
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treated serum was much greater than that of the extract (Exps. 4, 5). 
This higher activity is clearly due in part to substances other than 
histamine. 

Trichloracetic acid filtrates of white cell collections from one horse 
and two rabbits were assayed for histamine before and after boiling with 
acid (Table IT). The pH of the filtrates which were not boiled was matched 


TaBsz II. Histamine equivalents of trichloracetic acid filtrates of 
white blood cells before and after boiling with conc. HCl 


Exp. White cells from boiling boiling 
6 Horse blood 0-70 0-76 
7 Rabbit blood 2-34 2-86 
8 Rabbit blood 3-08 3-33 

Estimations done on guinea-pig ileum. 


with that of Tyrode’s solution by the addition of NaOH, using thymol- 
blue indicator. Acid-boiled filtrates were dried in vacuo with alcohol, 
extracted with water, neutralized and assayed. The histamine equivalent 
of the simple filtrates was slightly lower than that of the acid-boiled 
filtrates. This was probably due to depression of the guinea-pig intestine 
by the trichloracetate present in the unboiled filtrates, since removal of 
trichloracetic acid by ether and prolonged alcoholic extraction of the 
dried residue gave histamine equivalents which were slightly higher than 
the simple neutralized filtrates, and similar to those of boiled filtrates. 
Acid boiling did not produce the activity, and the histamine equivalent 
of white cells was quite accurately determined without acid boiling. 
Trichloracetic acid treatment of white cells apparently liberates the 
activity in a similar fashion to clotting. 

In two experiments with rabbit whole blood, we have confirmed the 
finding of Barsoum & Gaddum [1935] that there is activity in the 
trichloracetic acid filtrates in excess of that which may be attributed to 
histamine. In our experiments the histamine equivalent of the tri- 
chloracetic acid filtrates was 3-2 and 3-8 y/c.c., and after boiling 1-2 and 
2-0 y/c.c. respectively. On the other hand, histamine added to blood 
treated with trichloracetic acid and boiled with conc. HCl may be 
quantitatively recovered in the final extracts [Code, 1937 a]. We agree 
with Barsoum & Gaddum [1935] that some purification of whole 
blood trichloracetic acid filtrates is necessary before reliable histamine 
estimations may be made. 


y histamine/c.c. trichloracetic ; 
acid filtrate 
a 
Before acid- After acid- 
a 
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It was obvious from these experiments that the histamine-like sub- 
stance was free in the trichloracetic acid filtrates of white cells and, with 
the biological tests used, was apparently the only active ingredient. 
_Consequently the white cell layer constituted a more profitable source for 
“the isolation of the active substance than whole blood; its use also 
simplified the chemical manipulation by reducing the bulk and complexity 
of the material to be handled. 


COLLECTION OF MATERIAL 


Batches of five to ten rabbits, under ether anesthesia, were bled into 
250 c.c. paraffined, cooled cylinders containing 0-7-0-8 c.c. 1 p.c. sterile 
heparin solution. No cannula was used. The carotid artery was dissected 
free and the cut end controlled by a hemostat placed on a laryngeal 
branch. After chilling on ice, portions of blood were placed in clean 
open-mouthed tubes and centrifuged for 7-10 min. at 3500-4000 rev./min. 
After removing all but a thin layer of plasma the white cells were pipetted 
from the surface of the red cell mass and immediately placed in 10 p.c. 
trichloracetic acid (about 15 .c. 10 p.c. trichloracetic acid/10 c.c. white 
cell collection); after standing for 4-1 hour the extracts were filtered by 
suction, the precipitate being washed three times with 6 p.c. trichlor- 
acetic acid. The volumes of plasma and red cells from each batch of 
five to ten rabbits were measured. In order to check the percentage of 
total activity recovered in the white cell collection and that discarded in 
the plasma and red cells of a batch of rabbits, estimations were done on 
samples of the plasma of the red cells and of the trichloracetic acid 
filtrate of the white cell collection (Table III). The activity present in 


Tanz III. The histamine recovered in the white cell collections of two 
batches of rabbits compared with that in the plasma and red cells 


Batches of Portion of blood mg p.c. 

5 rabbits Plasma 0-112 12 

Red cells 0-017 2 

White cells 0-829 «86 

6 rabbits Plasma 0-176 9 
Red cells 0-025 1 ~ 

White cells 1-825 


the white cell extracts was between 86 and 90 p.c. of the total activity 
in the batches tested. The white cells from 120 rabbits were used in the 


isolation, each rabbit yielding activity equivalent to about 0-2 mg. 
histamine. 
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Assays for histamine were carried out as a routine on a portion of 
guinea-pig ileum suspended in 2-3 c.c. Tyrode’s solution containing 
atropine sulphate (1 x 10-*). Control estimations were at times made on 
the blood pressure of the etherized, atropinized cat. The heparin used, 
when tested by these methods, showed no activity. 


THE ISOLATION OF THE ACTIVE SUBSTANCE 
Methods 


A method of isolation of histamine from tissue extracts has already 
been worked out by Best e¢ al. [1927] and by Dale & Dudley [1929]. 
» These authors employed alcoholic extracts of tissues and submitted 
their extracts to preliminary purification with basic lead acetate and 
phosphotungstic acid. The histamine was then concentrated in the 
“histidine” and “arginine” fractions by the silver method of Kossel & 
Kutscher, liberated by evaporation with baryta and extraction with 
alcohol and finally precipitated as its dipicrate by means of sodium 
picrate. 

Our method differed from this standard procedure in all but the last 
two stages. We found that the preliminary treatment with basic lead 
acetate was superfluous with our trichloracetic extracts; we also omitted 
the phosphotungstic acid precipitation because model experiments, in 
which histamine was.added to horse white cell extracts, led us to believe 
that this stage presented no advantage. 

Our extracts were freed from trichloracetic acid by extraction with 
ether and from much inorganic salt by evaporation to dryness and 
' extraction with alcohol. The bases and basic acids were then concen- 
trated by means of permutit. 

It is well known that histamine is quantitatively removed from 
neutral solutions of its salts by permutit [W hitehorn, 1923]. Permutit, 
however, removed only some 35-40 p.c. of the histamine activity from 
our aqueous concentrates. This result provides another interesting example 
of the way in which tissue extracts containing histamine differ from 
solutions of histamine salts [cf. Best et al. 1927]. The difficulty was 
overcome by shaking an alcoholic concentrate with permutit when 
97-98 p.c. of the histamine activity was removed, and 90-95 p.c. of 
the original activity could be recovered by subsequent agitation of the 
permutit with saturated sodium chloride solution. The loss of activity 
in this process was never greater than 10 p.c. The method permitted a 
_ rapid concentration of the bases and basic acids, and rendered the tedious 
and wasteful silver fractionation unnecessary. 
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Since we were working with a much simpler tissue than previous 
workers had used, we hoped to isolate histamine dipicrate without the 
preliminary alkaline extraction. In this we were disappointed, but we 
gained the impression that fractionation of the mixed picrates obtained 
after the permutit process would have been possible if larger amounts 
of material had been at our disposal. Eventually we had recourse to the 
alkaline extraction method of Best et al. [1926-7] and, although it 
involved a loss of some 33 p.c., we were able to obtain pure histamine 
dipicrate. | 


The trichloracetic extracts of white cell layer were worked up in 
eight portions of about 1 litre each. The total activity of the extracts was 
equivalent to 21 mg. histamine. Each portion was freed from trich- 
loracetic acid by five extractions with half its volume of ether. The 
faintly acid solution (just acid to Congo) was evaporated to dryness 
in vacuo below 50° C., and the residue extracted four to five times with 
100 c.c. cold absolute alcohol to which one drop of concentrated hydro- 
chloric acid had been added. The extraction with alcohol was facilitated 
by the addition of glass beads which served to break up the solid caked 
on the sides of the flask. The combined alcohol extracts contained activity 
equivalent to 22 mg. histamine, and the alcohol insoluble material 
activity equivalent to 1-4 mg. histamine. 

The alcohol extracts were then put through the permutit process in 
the following way: a known volume of extract was shaken for 1 hour 
with one-fifth of its volume of finely powdered permutit (80 mesh) 
which had been previously soaked overnight in absolute alcohol, filtered 
and well washed with alcohol. The permutit was then collected at the 
pump, washed with small volumes of alcohol and shaken for $ hour with 
five times its volume of saturated sodium chloride solution. The permutit 
was removed by filtration and washed with saturated NaCl solution. 
The filtrate and washings were diluted with four times their volume of 
absolute alcohol which precipitated most of the NaCl. The aqueous 
alcoholic solution was made faintly acid to Congo with HCl, and evapo- 
rated to dryness in vacuo below 50° C, and the dry residue extracted with 
absolute alcohol. The yields in this permutit process are illustrated in 
the following table in which the histamine activity is expressed in milli- 
grams of histamine 


Original Filtrate Final 
: alcohol from NaCl alcohol 
3 solution permutit concentrate solution | 
22 0-53 20 19 
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The process worked equally well with dilute and concentrated extracts, 
but it was naturally more convenient to work with the latter; con- 
sequently most of the alcohol extracts were combined and evaporated 
below 50° until solid separated, when the concentrate was cooled and 
filtered. It is noteworthy that the alcoholic extracts in this permutit 
process need not be neutral. All our alcoholic extracts were kept just 
acid to wet Congo paper. 

The final alcohol solution was made distinctly acid to Congo and 
evaporated below 50°. The dry residue was taken up in water (20 c.c.) 
and nearly neutralized to litmus with caustic soda. A flocculent pre- 
cipitate was removed and the aqueous filtrate was evaporated to a thick 
syrup in a vacuum desiccator. A saturated solution of sodium picrate 
was now added until no further precipitation occurred. The precipitate 
was collected and dissolved in hot half-saturated picric acid solution 
(20 c.c.). A small amount of brown insoluble material was removed by 
filtration and the solution was allowed to crystallize. The crystalline 
material was then fractionated from water. The least soluble material 
melted at 210-212° (23 mg.) and contained activity equivalent to 10 p.c. 
of its weight of histamine dipicrate. Several more soluble fractions were 
obtained which melted about 228-230°, but it soon became apparent 
that fractional crystallization would not be successful with such small 
amounts of material. Consequently all the picrate mother liquors and 
fractions except the crystals m.p. 210-212° were combined and freed 
from picric acid by acidification with sulphuric acid and extraction with 
ether. The resulting solution contained activity equivalent to 12 mg. 
histamine. It was neutralized with baryta, freed from barium sulphate 
and evaporated to dryness in a vacuum desiccator. The residue was taken 
up in water (1 c.c.), stirred up with freshly powdered baryta (1 g.) and 
again evaporated to dryness in a vacuum desiccator. The dry residue 
was finely powdered and ground up with cold absolute alcohol (15 c.c.). 
The alcohol was decanted through a filter and the extraction repeated 
ten to twelve times. The alcohol filtrate was diluted with water, made 
just acid to litmus with sulphuric acid, filtered and evaporated to small 
bulk below 50°. This solution contained activity equivalent to 8 mg. 
histamine, and the baryta residue after removal of barium as sulphate 
still contained activity equivalent to 2-8 mg. histamine. The aqueous 
concentrate was evaporated to dryness in a vacuum desiccator and 
stirred with saturated sodium picrate solution (5 .c.). The precipitate 
was collected and crystallized from hot water (5 c.c.) which removed a 
small brown insoluble residue. The crystals (38 mg.) and mother liquor 
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together contained activity equivalent to 6 mg. histamine. The crystals 
were dissolved in cold water, added to the mother liquor, and the whole 
evaporated slowly on a warm bath to about 20-30 c.c. On standing over- 
night 11 mg. of orange crystals m.P. 210-212° were obtained. On further 
concentration the mother liquor yielded 18-5 mg. pale yellow prisms 
m.P. 232-234°. A second crystallization from water (4 c.c.) yielded 14 mg. 
of finely shaped prisms m.P. 234-235°. This material was undoubtedly 
histamine dipicrate although its melting point was a degree or two low. 
Its crystalline form was identical with that of genuine histamine dipi- 
crate, and its melting point was unaltered by admixture with pure 
histamine dipicrate (m.P. 237—238°). 

Analysis: 2-849 mg. gave 3-810 mg. CO,, 0-750 mg. H,O 

1-467 mg. gave 0-290 c.c. N, at 758 mm. and 22° C. 

Found: C, 36-47; H, 2-95; N, 22-80. 

C,H,N,20,H,0,N, requires C, 35-84; H, 2-66; N, 22-15. 

A standard solution was assayed against a standard solution of pure 
histamine dipicrate on the guinea-pig’s intestine and the blood pressure 
of the etherized cat. On the former 0-47 mg. of picrate contained 0-081 mg. 
histamine, and on the latter 0-086 mg., the theoretical value being 
0-091 mg. About 7 mg. of the picrate was recrystallized once more 
from 2 c.c. water and 3-5 mg. were obtained which melted at 236°; 
biological assay of a weighed portion of this material gave values equal 
to or in excess of the theoretical, indicating as did the m.p. that all 
impurities had been removed. 

The yields at the different stages of the isolation are given in the 
appended table in which activities are expressed in milligrams of hista- 


mune, 
First Second 
extract extract process extraction dipicrate 
21 22 19 12 8 6 2-7 


Apart from a 33 p.c. loss in the alkaline extraction which was not 
unexpected, the main losses are in the picrate precipitations. The loss in 
the first picrate fraction was mainly due to our attempt to fractionate the 
mixed picrates at this stage. It could have been avoided by omitting 
this stage and proceeding directly to the alkaline extraction, and if we 
were repeating a similar isolation we should certainly adopt the latter 
procedure. The loss in the final stage was unavoidable in fractionating 
so small an amount of crystalline material. In considering the final yield 
it is of interest to compare our results with those of Best et al.; working 
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with ox lung these authors isolated 3-2 mg. histamine as picrate from an 
extract originally containing 22 mg., but from an extract containing 
750 mg. histamine they were able to isolate 287 mg. as picrate. It is 
clear that the final yield depends to some extent on the amount of 
histamine in the original extract, and that good yields can only be 
expected from extracts containing relatively large amounts of histamine. 

We think that these considerations justify us in concluding that the 
whole of the activity of the original extract was due to histamine itself. 


Discussion 


It is desirable to consider the implications and emphasize the limita- 
tions of our results. It has been established that the active substance 
resembling histamine which is present in a trichloracetic acid extract 
of the separated white cells of rabbit blood is histamine itself. Activity 
of a similar nature has been observed in extracts of the white cells of the 
blood of other species including man [Code, 1937 6], and since no other 
type of activity has been observed in such extracts, it appears reasonable 
to conclude that the histamine activity common to extracts of the white 
blood cells of different species is, in fact, due to histamine. 

Histamine is apparently held in the white cells of blood and is not 
free to produce its pharmacological effects until liberated from the cells. 
Escape of histamine from the white cells of rabbit blood outside the body 
has been observed (i) on clot formation, (ii) on prolonged standing of 
blood in the presence of potassium oxalate even when no clotting occurs 
[Code, 1937 6], and (iii) on extraction of the separated white cells with 


_ trichloracetic acid. There is at present no evidence that histamine is 


liberated from the white cells in the living animal to produce local or 
general effects. 

Trichloracetic acid extracts of white cells have so far been found to 
contain only one active substance, and the activity is not significantly 
altered by boiling such extracts with acid. The activity of trichloracetic 
acid extracts of whole blood, however, is markedly reduced by boiling 
the extracts with acid; simple trichloracetic acid extracts of whole blood 
contain “extra” activity, in addition to histamine, which is chemically 
and pharmacologically distinct from histamine [Barsoum & Gaddum, 
1935]. The activity present in extracts of normal blood, which have been 
boiled with acid, is almost entirely recovered in the separated white 
cells, and it seems permissible to conclude that the elimination of the 
“extra” activity by boiling whole blood extracts with - leaves only 
the histamine originally present in the white cells. 
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We wish to stress the limitation of these remarks to normal blood. It 
cannot be assumed without further evidence that the histamine equivalent 
of whole blood in any but a normal state is entirely due to histamine, or 
that the production of histamine by the process of extraction is excluded — 
in such cases. When the histamine equivalent of whole blood in abnormal 
conditions is followed, separate study will be necessary to determine 
the nature of the active substance and its source in the blood. 


SuMMARY 
1. A substance, which resembles histamine in its action, exists free in 
simple trichloracetic acid extracts of the white cells of rabbit blood. It 
has been isolated and identified as histamine. 
2. The bearing of this result on the determination of the histamine 
equivalent of blood is discussed. 


Our thanks are due to Prof. C. Lovatt Evans and Prof. J. H. Gaddum for their 
help and advice throughout this investigation. Part of the expense of this research was 
defrayed by grants from the Donald Balfour Educational Fund and the Medical Research 
Council. 
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An unusual action of the toad’s heart shown by its response to 
creatine. By B. G. Suariro. (From the Physiological Laboratory, 
Guy’s Hospital) 


While investigating the possible role of creatine and creatinine in 
the production of the cardiovascular changes accompanying muscular 
exercise, a curious response to creatine on the part of the South African 
Clawed Toad, Xenopus laevis, was observed. This effect of creatine has 
not been previously reported. 

The response to creatine was demonstrated by first perfusing the 
heart with Ringer solution (0-7 p.c. NaCl, 0-03 p.c. KCl, 0-026 p.c. 
CaCl,), and then substituting a solution of creatine in Ringer. The 
solution of creatine was neutral to litmus. Perfusion of the heart with 
solutions of creatine of a concentration varying from 1 in 100 to 1 in 300 
always produced a similar type of change. 

The sequence of events was as follows (Fig. 1): a diminution in the 
height of cardiac systole occurred. This was followed by a gradual increase 
in the height of the beat until an increase of 15-20 p.c. above the normal 
was obtained, this increased amplitude being maintained for as long as 
the drug was perfused through the heart. On replacing the creatine 
solution by Ringer’s solution there was a still further increase in ampli- 
tude before the return to normal systole. Fig. 1 is a diagrammatic 
representation of the effect recorded. 

Creatinine, because of its close chemical relationship to creatine, 
served as an admirable control. It produced a simple augmentation of 
the heart beat. Simple augmentation was also obtained with both 
creatine and creatinine on the isolated cat and rabbit hearts. 

In order to explain the tracing obtained with creatine it seems neces- 
sary to postulate two mechanisms: (1) a depressor mechanism causing the 
initial depression; and (2) an augmentor mechanism causing the subse- 
quent increase in amplitude to the level CD. The terminal augmentation 
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on reperfusing with Ringer’s solution is explicable on the basis of a 
removal of the depressor effect. This means that the depressor effect must 
have been in action all the time and CD is the resultant of the augmentor 
and the depressor effects. 

Since the resultant, CD, of the augmentor and depressor effects is 
augmentation, it is evident that the augmentor effect of the drug is 
greater than its depressor action. Yet the first manifestation of the 
action of the drug is depression, which means that the depressor 
mechanism must come into play more rapidly than the augmentor effect, 
else it would be masked by the more powerful augmentor action. 


4 Ringer's solution 


7 


Fig, 1. 


- Again on reperfusing with Ringer’s solution the depressor effect must 
be removed more rapidly than the augmentor effect of the drug. (Ifthe * 
augmentor effect were removed more rapidly, or as rapidly, a continuous 
decline would occur without any terminal rise.) 
These facts fit in very well with the assumption that creatine exerts 
its depressor action on the cell surface and its augmentatory action on 
‘the interior of the cell. 2 
Thus on substituting creatine solution for Ringer’s solution (at A), 13 
the creatine first encounters the cell “membrane” where it exerts its | 
depressor effect, and only later diffuses into the interior of the cell where . 
it exerts its augmentor effect. When equilibrium has been attained 1a 
between the creatine inside and outside the cell systole becomes of con- | 
stant magnitude. The height of systole, CD, is the resultant of the two 
opposing mechanisms proceeding simultaneously—namely, depression 
due to the action of creatine on the surface and stimulation due to its * 
action on the interior of the cell, and the magnitude of resultant systole is, : 
therefore, constant. 3 
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On reperfusing with Ringer’s solution at D, the creatine is first diluted 
at the cell surface, and the removal of its inhibitory action there results in 
the terminal rise to height #. Only later does the Ringer solution dilute 
the creatine in the interior of the cell, causing a removal of the augmentor 
effect and so a decline of systole. 

Interest is lent to the tracing because of the great significance attached 
by Burridge to closely similar tracings obtained by him when adding 
sodium chloride [1915, 1920] or alcohol [1922] to the perfusing solution. 
He used Rana temporaria as the experimental animal. 

I am indebted to the late Dr D. Epstein for assistance in the early stages of the 


investigation, and to Dr N. Sapeika for his valued assistance in confirming the original 
findings and for collaborating in the interpretation of the results. 
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Note on the effect of A.C. on the human ear. By K. J. W. Craix, 
A. F. Rawpon-Smira and R. 8. Strurpy. (From the Psychological 
Laboratory, Cambridge) 


Gersuni & Volokhov [1936, 1937] have recently drawn attention 
to a method whereby the human ear may be stimulated by the passage 
through it of a.c. We have been able to repeat many of their observa- 
tions, and find a good general agreement with them. 

The apparatus employed consists of a heterodyne oscillator, producing 
4.0. of any frequency between 50 and 11,000¢./sec. For these experiments 
this is coupled through an attenuating network to a resistance-capacity 
coupled amplifier, the output of which is choke-capacity coupled to the 
stimulating electrodes. The latter are very similar to those described by 
Gersuni & Volokhov [1937]. 

We have been able to confirm that a sensation of tone is produced for 
any stimulus frequency between approx. 150 and 11,000 c./sec., the upper 
limit of our apparatus. We are also in agreement with the earlier workers 
in noting that the pitch of the sensation produced by stimulation at the 
lower frequencies is often one octave above that which is produced by 
feeding the output to a loud-speaker or telephone earpiece [Ara pova et al. 
1937]. We have, however, noted in addition that, as the stimulus 
frequency is raised, this “frequency doubling” phenomenon does not 
disappear suddenly, but that the apparent intensity of what may be 
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termed the fundamental gradually rises, whilst that of its second 
harmonic, or octave, suffers a similar decrement. Thus at 1000 c./sec. a 
complex tone may be clearly heard, in which both frequencies are present. 
The frequency doubling effect, therefore, may properly be held to consist 
in the production of so intense a second harmonic that the pitch of the 
whole is judged to be one octave above that of a stimulus of identical 
frequency, if air-borne. 

This effect may be ascribed to the fact that both negative and positive 
waves of the stimulating voltage act, to some extent, in a similar way. In 
order to test this hypothesis we have performed two experiments. In the 
first of these the apparatus shown in Fig. 1 was interpolated between the 
output of the amplifier and the electrodes. It will be seen that when the 
key K was in the position shown, a.c., whose amplitude could be con- 
trolled by R,, was fed to the observer. On depressing K half-wave 
rectified a.c. replaced this, the stimulus then consisting of a series of 


Fig. 1. | Fig. 2. 


unidirectional pulses. In order to overcome the alinearity of the diode, 
R, was made large in comparison with the dynamic impedance of the 
latter. Under these conditions, on pressing K, approximate bisection of 
the original sine wave along the base line occurred. This condition could 
be observed on a cathode-ray oscillograph, the deflector plates of which 


were connected across the outgoing terminals, and thus across the 


subject’s electrodes. With the subject in circuit it was then found that, 


on pressing K, the apparent intensity of the second harmonic produced _ 


by stimulation with plain a.c, was enormously reduced. Under certain 
conditions indeed it was possible to show that a change from alternating 
to unidirectional pulses of the same frequency lowered the pitch of the 
tone heard by one octave. 

In the second experiment the apparatus shown in Fig. 2 was used. 
By varying the potentiometer P, the base line of the stimulating voltage 
could be arranged to be anywhere from the normal position to a position 
along the peaks of the stimulating wave. By reversing the polarity of the 
battery by the reversing switch §,, either positive or negative shifts 
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could be introduced. In each case results precisely similar to those a 
reported above were secured. The apparent intensity of the harmonic 4 
frequency was observed to fall gradually as P, was moved from zero. a 
These results confirm us in the view that the frequency doubling _ 

effect may be ascribed to the fact that both positive and negative q 
stimulating waves may act in an approximately similar way, for the a 
lower stimulus frequencies. a 
REFERENCES 

Arapovs, A. A., Gersuni, G. V. & Volokhov, A. A. (1937). J. Physiol. 88, 122. 4 
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The initiation of the nervous impulse. | 

By W. A. H. 

It is commonly supposed that when an applied stimulus has depolar- q 
ized any region of nerve to a critical extent, that region suffers a a 


spontaneous change—the action potential. There is, moreover, good — 4 
reason to believe that the action current of a normal impulse spreads in 
advance of the active regiag and is easily sufficient to excite, thus account- 
ing for the mechanism of propagation. But the normal action current is 
due to the simultaneous activity of a stretch of nerve many millimetres 
+ in length; a very small fraction of this would arise if only a minute 
3 region of the nerve were active, as will be the case at the first initiation of 


2 excitation. It thus appears that the condition for adequate propagation : 
is not that an action potential should arise from some point, but that it q 
___ should arise over a region great enough to generate an action current 4 
sufficient to stimulate the neighbouring region. q 
b If this concept is worked out precisely in the case of an over-simplified 4 | 
3 representation of nerve, we arrive at a number of results which are open a 
| ___ to experimental verification. Among them are the following: j 
g (a) The necessary and sufficient condition for adequate propagation is 4 
x | that by the time that the applied current ceases, a certain characteristic ] 
BS length of nerve must be critically depolarized. Corollary: capillary pore a 
? electrodes, where the stimulus is too localized to depolarize this whole q 
:: length, cannot give rise to propagation, but only to localized effects, e. ¢ q 
% contracture. This has been observed by Pratt [1930], Gelfan & i 
Gerard [1930]. 
\ __ with those derived from Hill’s equation [1936], but the excitation 1 
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constant & is about 50 p.c. greater than the physical constant for the 
charging of the system. Harris & Rosenberg [1935] have observed 
that the voltage-capacity curves relating on the one hand a given degree 
of excitation, and on the other a given degree of physical polarization, are 
identical in shape, but differ in time constant in just this manner. 

(c) The effect of a constant current of varying duration may be 
measured by superposing at the end of the current flow a brief shock, and 
finding the intensity necessary to result in adequate propagation. 

At first the depolarization increases though at a declining rate similar 
to the charging of a condenser. But as soon as some point becomes 
critically depolarized, the small action current there generated adds to the 
applied stimulus, and this can be shown to accelerate the depolarization 
process of the rest of the nerve, so that the curve relating shock intensity 
to duration passes through a point of inflexion, and thereafter becomes 
“explosive”. This has been observed [Rushton, 1932]. 

(d) A high-frequency a.c. flowing for many cycles should be ealy 
twice as effective as the same current flowing for a single cycle only, 
since in the former case the local weak action currents will add to the 
stimulus at each half-cycle. For this reason, too, the intensity-frequency 
curve for a.c. stimulations should fall at high frequencies to nearly half 
the intensity value calculated from Hill’s formula. Both these observa- 
tions have been made by Katz (private communication). 

The concept, therefore, that the new-born impulse is feeble seems 


reasonable theoretically and is supported experimentally. 
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The time course of the excitatory disturbance in nerve following 
a short shock. By Bzrnuarp Karz. (From the Department of 
Physiology, University College, London) 


Using sciatic-gastrocnemius preparations of Rana esculenta, the 
effect of a short-conditioning shock (Z,) was tested by applying, after 
various intervals (¢), a short-testing shock (Z,) adjusted to give minimal 
response. A typical result is illustrated in Fig. 1. | 
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Let £,=+1-0 be the threshold of the conditioning shock. 
Then, below a certain strength of E, (about +0-5) the excitability curves 
show purely exponential decay, in accordance with Hill’s [1936] “local 


2+5- 


Fig. 1. Diagram illustrating course of excitatory disturbance following very short dis- 
charge. Condenser shocks supplied by commutator with two adjustable rings, at 
about 20 rev./sec. Test shock #, at t usec. after conditioning shock Z,. Frog’s sciatic 
nerves at 4°C. Threshold of conditioning shock #,=1-0. Curves obtained with Zz, 
(successively from above): 1-05, 1-0; 0-99, 0-85, 0-5; -0-5, -1-0. Abscissa =t/k. 
Ordinate =(Z, E,)/E,, where =“resting” test shock threshold. 

Fig. la. “Local response” with E, =1-05, 1-0; 0-99, 0-85, obtained from the 
curves in Fig. 1, by subtracting the “local potential” (y= Z,e—**). The inflexion with 
#, =1-0 occurs, on the average, at an about 25 p.c. higher level and at nearly the 
time as the crest with HZ, =0-99. The broken line indicates a region of instability. 


potential” theory. The time factor k, however, is distinctly smaller 
($-$) than commonly obtained from strength-duration curves with a 
propagated response as index, but is of the same order of size as found by 
Harris & Rosenberg [1935] using a given catelectrotonic peak potential 
as index. 


2 
> 
¥ 
= 
if 
z 
n 
2-0 
4 
0- 
| 
-05 
- 
F 
Fig. la: | 2 3 4 
ot 4. 
Fig.l: | 2 3 4 
he, 
| 
& | 
« j 
| 4 
A 


8P PROCEEDINGS OF THE PHYSIOLOGICAL 


If the strength of the conditioning subthreshold shock £, is greater 
than +05, the decay of the excitatory disturbance is no longer purely 
exponential, but appears to be a combination of the “local potential” 
subsiding with time constant k, and a secondary process as shown in 
Fig. la, which, in accordance with Hodgkin’s theory [1937], may be a 
“local response” of the stimulated region, the spread and size of which 
does not suffice to excite resting points farther on. 

Using anodic conditioning shocks (Z,= —0-5 to —2-0), one obtains 
approximately exponential curves; the time factor is usually rather 
smaller than on the cathodic side (but may belong to different fibres). 
The curves are all similar within a fourfold intensity range. 

The experiment was continued to superthreshold strength (#, greater 
than +1-0), since it is possible then, as Blair & Erlanger [1936] have 
shown, to prevent propagation by applying anodic shocks even during 
a considerable interval after the end of the conditioning shock (“‘shock- 
spike interval”’). These curves rise at an accelerating rate, which quickens, 
at first rapidly, then more slowly as the strength of #, increases. Sub- 
tracting the “local potential” from these curves (Fig. 1a), one again 
obtains what may be supposed to be a response of the stimulated region. 
When the “local response” reaches a certain size, just sufficient to 
propagate (cf. Fig. la, curve with Z,=1-0), it has a distinct point of 
inflexion, after which it rapidly grows, presumably up to a large “safety 
margin” [Hodgkin, 1937], the development of waien, at any moment, 
may be measured by this method. 


Blair, E. A. & Erlanger, J. (1936). Amer. J. Physiol. 114, 309. 
Harris, D. T. & Rosenberg, H. (1935). J. Physiol. 84, 11P. 
Hill, A. V. (1936). Proc. Roy. Soc. B, 119, 305. 

Hodgkin, A. L. (1937). J. Physiol. (in the Press). 


The effects of arterial injections of drugs on the frog’s gastro- 


cnemius. By J. Raventos. (From the Department of Pharmacology, 
University of Edinburgh) si 


Brown [1937] described the effect on the frog’s saietiabiabin of 
acetylcholine injected into the sciatic artery. He found that the small 
doses (0-l-ly) produced a quick contraction and large doses (5-10y) a 
quick contraction followed by a contracture. 
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The author used large frogs (Rana esculenta Hung.) and injected the 
acetylcholine into the tibialis artery. The close artery method of Brown 
et al. [1936] was followed as far as practicable. Drugs were dissolved in 
0-1 ¢.c. of Ringer immediately before injection, and this volume was 
injected rapidly (in 0-15-0-20 sec.). The isometric response was recorded 
on a smoked drum and the twitch response commenced about 0-08 sec. 
after the beginning of the injection. It was found that small doses of 
acetylcholine (0-05-0-25y) produced contracture alone and that larger 


doses (0-5-10y) produced a twitch followed by contracture. The effect — 


found with small doses therefore differed from the results of Brown 
[1937]; this difference is presumably due to differences in technique. 

When a series of maximal contractions is produced by direct excita- 
tion of the muscle, the injection of acetylcholine (1—5y) during the period 
of stimulation causes a decrease of the contractions. This effect is similar 
to that described by Dale & Gasser [1926] in the denervated cat's 
muscle and in the frog’ 8 isolated rectus abdominis. 


0-1-10y of eserine or 0-1-2-5y of miotine did not produce any poten-. 


tiation of the contraction brought about by indirect stimulation. This 
finding is similar to that obtained by Bacq & Brown [1937] in the 
denervated cat’s muscle. Eserine has no obvious effect on the twitch 
produced by arterial injection of acetylcholine but increases the duration 
of the contracture and the intensity of the depressor effect. 

Atropine (1-10y) abolishes the contracture and the depressor effect 
but has no effect on the twitch. Curarine (0-05-0-5y) decreases or 
abolishes the twitch but has no effect either on the contracture or on the 
depressor effect. Larger doses of atropine and curarine may antagonize 
all the three actions of acetylcholine. 

The results suggest that acetylcholine may have two sites of action 
on the frog’s muscle, viz. (1) the motor nerve endings where the twitch 
is produced, this is antagonized by curarine, and (2) the muscle itself 
where the contracture and the depressor effect are produced. Both of 
these effects are antagonized by atropine. 


Bacq, Z. M. & Brown, G. L. (1937). J. Physiol. 89, 45 

Brown, G. L. (1937). Jbid. 88, 12P. 

Brown, G. L., Dale, H. H. & Feldberg, W. (1936). Ibid. 87, 394. 
Dale, H. H. & Gasser, H. 8. (1926). J. Pharmacol., Baltimore, 28, 287. 
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Optimum stimulation rates for red and white skeletal mammalian 
muscles, and shift in rates produced by the eserine group. 
By Grace Briscoz 


In normal muscle, using stimuli of equal strength, larger contractions 
are produced by increasing the rate of indirect stimulation up to a certain 
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Stimulation per sec. 


Fig. 1. Cat 3-2kg. soleus. Circulated nerve-muscle preparation. Dial anssthesia. 
Ordinates: height of contractions in cm. Abscisse: rate of stimulation applied to 
nerve. Strength of stimuli kept constant, fully maximal for all rates at 20,.33, 50, 66, 
100 and 150/sec. Unbroken lines, control. Rate 50/sec. produces largest contraction. 
Broken lines, records during recovery from acutely depressant dose of eserine, 
0-5 mg./kg. intravenously at 12.52 p.m. Atropine, 1 mg. injected intramuscularly. 
A, 1.14 p.m. Rate 20 produces largest contraction, which is maintained. Rates 66 
and 100 give small twitchlike responses. B, 1.38 p.m. Rate 33 produces largest con- 
traction. C, 2.5 p.m. Rate 50, largest response, rate 66, contraction is maintained and 
is larger than response to rate 20. 


point. Above this point the power of maintaining @ contraction is 
progressively diminished, and eventually the size of contraction is also 
markedly reduced. 

The optimum stimulation rate may be defined as the lowest rate 
which will produce a maximum shortening of the muscle in situ under 
natural conditions of attachment. 
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In a previous investigation [Briscoe, 19364] it was found that the 
optimum rate for a mixed muscle, quadriceps, was over 100/sec. Usually 
the optimum point was reached at 150/sec., but occasionally it was 
reached at 105/sec. (intermediate rates were not tested). 

The red muscle, soleus, has now been tested in the same way. As 
might be expected from its low fusion rate and slowness of contraction, 
the optimum rate is found to be low, usually 50—75/sec. Rates near 
150/sec. not only give smaller contractions than 50/sec., they produce 
fatigue rapidly. This applies to fully maximal stimuli. With submaximal 
stimuli the optimum point is not reached so quickly and less fatigue is 
shown with fast rates. 

The white quickly contracting muscle, gastrocnemius, has an 
optimum rate which is usually well over 100/sec. 

The depressant effect of eserine and its analogues on soleus when it is 
responding to higher rates of stimulation is even more marked than the 
effect described for quadriceps with prostigmine [Briscoe, 19366]. The 
optimum rate shifts from 50-75/sec. to 30 or even 20/sec. The contrac- 
tions due to high rates (100~-150/sec.) may be reduced to a quarter of 
their normal size and are twitchlike in character. Although the responses 
to intermediate rates (30-50/sec.) recover fairly quickly as the drug is 
eliminated, recovery for high rates is very slow (Fig. 1). 

Similar results, varying considerably in time of onset and recovery 
have been obtained with four other, excluding prostigmine, members of 
the eserine group. 

Eserine depression has also an effect on the optimum rate for 
gastrocnemius. When this rate is high in the normal muscle there may 
be only a slight shift downwards, even when evidence of depression is 
provided by marked downward shifts in soleus and quadriceps. When 
the normal rate in the white muscle is low the shift is usually from 
105 to 50/sec. 
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Premature beats and the heart rhythm. 
By J. C. Eccizs 


In a recent investigation on stimulation of the pacemaker and atrium 
of the rhythmically beating turtle heart, Gilson [1936] has concluded 
that the cycle after a premature beat of the pacemaker does not 
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significantly differ from a normal cycle. On this basis he constructs a 
diagram (Fig. 1G) in which he shows the three main types of his experi- 
mental results. Further, he attempts on this basis to explain the 
experimental observations of Eccles & Hoff [1934] on the premature 
beats of the cat’s heart, stating that “from their published data, we are 
led directly to the belief that what they consider as late premature beats 
of the pacemaker confuse the two types of result diagrammed along the 
two lower lines of Fig. 1G”. 

Now these two lower lines of his Fig. 1G are essentially no more than 
the explanation suggested by Engelmann & Wenckebach for the 
compensatory pause following premature beats, and such an explanation 
was fully discussed in the original paper (pp. 333-4). There it was shown 
that, even allowing for the lengthened conduction time which Wencke- 
bach suggested for premature beats, such an explanation was precluded 
by the shape of the curve obtained when the durations of the curtailed 
cycles and of the corresponding premature beat cycles were plotted 
against each other. This refutation applies equally well to the suggestion 
offered by Gilson. However, it might be argued that no great reliance 
can be placed on the shape of the above curve, for the behaviour of the 
pacemaker may be modified by the electrical stimulus setting up the 
premature beat, but such an argument is rendered untenable by the 
following evidence: 

(1) When the electrical stimulus fails to set up a premature beat, 
either because it falls in the refractory period, or because it is too weak, 
there is no detectable (certainly less than 1 p.c.) disturbance of the 
rhythm of the pacemaker, except in those easily recognizable experi- 
ments in which stimulation of the terminal fibres of the vagus produces 
the characteristic inhibitory action [Eccles & Hoff, 1934, pp. 334-5). 

(2) If the premature beat is set up distant from the pacemaker, the 
disturbance of the pacemaker rhythm is identical with that resulting 
from a beat set up by direct electrical excitation, due allowance of course 
being made for the conduction time of the premature beat to the pace- 
maker. 

Thus it may be concluded that the cycle after a late premature beat 
of the pacemaker of the cat’s heart is longer than a normal cycle. 
Analogous conditions to such a partial compensatory lengthening of the 
cycle after a premature beat have been shown to occur when antidromic 


impulses are backfired into other mammalian tissues discharging 


rhythmic impulses—motoneurones [Eccles & Hoff], and the tension 
receptors of muscle [Matthews]. The latter example in particular warns 
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against any attempt to extend to mammals results obtained on cold- 
blooded vertebrates, for, with the tension receptors of frog’s muscle, 
Matthews had previously shown that there was no significant lengthen- 
ing of the cycle after an antidromic impulse. A small lengthening (up to 
5 p.c.) was not excluded, and in Gilson’s experiments the premature 
beats set up by stimulation of the turtle sinus were followed by a cycle 
of such irregular length (up to 7 p.c. above and below the normal cycle 
in Fig. 1 F) that a small compensatory lengthening might also have 
occurred, 

Gilson [1936] further offers two explanations of the early premature 
beats described by Eccles & Hoff [1934]. Such beats occur only when 
the curtailed cycle is very short, and they are distinguished from late 
premature beats by the shortness of the premature beat cycle, which is 
usually very much shorter than a normal cycle. The next cycle—called 
the subsequent cycle—is usually considerably longer than a normal cycle, 
but thereafter the normal rhythm is usually regained. Gilson has sug- 
gested that early premature beats are partly “interpolated extrasystoles” 
(cf. Kisch [1921] and Drury & Brow[1926)), the premature beat not in- 
volving the pacemaker. Such an explanation was rejected by Eccles & 
Hoff(pp. 355-7), who point out that the curtailed and early premature beat 
cyclesshould then together equal a normal cycle, and this rarely happened, 
wide deviations often occurring. Further, the lengthening of the subse- 
quent cycle would then be inexplicable. Gilson also offers an alternative 
explanation, but in doing so he appears to be under a misapprehension 
with regard to our electrical records of early premature beats, for this ex- 
planation presupposes a much longer conduction time from pacemaker to 
auricle than ever occurred in our experiments (cf. Fig. 1). Furthermore, 
the lengthening of the subsequent cycle again is inexplicable. 

Gilson’s explanations of early premature beats are, therefore, not in 
accordance with the experimental evidence. Fractionation of the rhythmic 
mechanism of the pacemaker [cf. Eccles & Hoff, 1934, pp. 363-6] still 
seems to provide the only possible line along which a satisfactory explana- 
tion may be evolved. 


Drury, A. N. & Brow, G. R. (1926). Heart, 12, 321. 

Ecoles, J. C. & Hoff, H. E. (1984). Proc. Roy. Soc. B, 115, 327, 352. 
Gilson, A. 8. (1936). Amer. J. Physiol, 116, 358, 

Kisch, B. (1921). 2. ges. exp. Med, 25, 188. 
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Vagal inhibition of the cardiac pacemaker. 
By G. L. Brown and J. C. Eocizs 


Fischer [1936] has shown that, in the rhythmically beating eel and 
turtle heart, a single vagal volley produces a slowing, which varies 
according to the phase of the cardiac cycle at which the vagal impulses 
reach the sinus. In explanation, he suggests “that the mechanism of a.c. 
(acetylcholine) liberation and the rhythmic mechanism of the pacemaker 
are linked closely together, using partly the same anatomical substrate. 
Thus, when a vagal volley arrives just when the rhythmic mechanism is 
about to free an excitation, the a.c. liberating mechanism is depressed, 
responding with a longer latent period and a slower velocity.” He further 
suggests that this phenomenon is a general principle, and, as such, offers an 
explanation of the double wave type of inhibition which a single vagal 
volley sets up in the cat’s heart [Brown & Eccles, 1934]. On his 
interpretation, the primary inhibitory wave arises on account of variations 
in the initial quick liberation of acetylcholine; and he attributes the 
trough, between the primary and secondary waves, to the deficient 
liberation of acetylcholine by a volley falling at the moment of the 
setting up of a beat, the subsequent cycle being, therefore, only a little 
inhibited. This trough should, therefore, never be more than about one 
cycle length later than the arrival of the vagal volley at the pacemaker. 
As Fischer points out, such a position did approximately occur in two 
of our experiments (Text-figs. 8 and 9). However, the following experi- 
mental evidence is decisive in excluding Fischer’s explanation of the 
double inhibitory curve of the cat’s heart: 

(1) In most of our experiments the trough between the two in- 
hibitory waves occurred much later than one cycle length after the arrival 
of the vagal volley at the pacemaker—it may even be as many as four 
cycle lengths later—and all transitions exist between such experiments 
and those illustrated in Text-figs. 8 and 9. For example, in Text-figs. 
14, 15 and 16 [Brown & Eccles, 1934] the cycle lengths were 255, 245 
and 400 msec. respectively, while the corresponding troughs occurred at 
approximately 0-7, 0-9 and 0-7 sec. after the arrival of the vagal volley. 
Hence it may be concluded that it is purely fortuitous that a few experi- 
ments agree approximately with Fischer’s explanation. 

(2) Even when the trough is approximately one cycle length later 
than the arrival of the vagal volley, two volleys in quick succession 
(e.g. 15 msec. apart) give rise to a double inhibitory curve in which the 
trough is delayed so as to be almost two cycles later. 
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(3) Small doses of eserine always delay the trough, e.g. Text-fig. 14, 
there being no corresponding lengthening of the cardiac cycle. Larger 
doses abolish the trough altogether, e.g. Text-fig. 15. 

(4) No matter what the position of the vagal volley relative to the 
cardiac cycle, a continuous curve can always be drawn through all the 
points plotted for the successive inhibited cycles of a series of observa- 
tions, i.e. the total production of acetylcholine and the time course of its 
production appear to be quite independent of the temporal relationship 
of the vagal volley to the cardiac cycle. 

Thus, so far as the cat’s heart is concerned, the evidence is conclu- 
sively against Fischer’s suggestion that the liberation of acetylcholine 
by the vagal terminals is conditioned by the rhythmic mechanism of 
the pacemaker. 

Fischer further postulates the existence of several chemical trans- 
mitters of vagal action, a quick process liberating acetylcholine and a 
slow process acting’ by the liberation of K igns. Such a suggestion 
receives no experimental support from our observation that the primary 
and secondary waves are identically affected by atropine and eserine, if 
allowance is made for the occlusion, which occurs in summation of the 
secondary, but not of the primary inhibitory waves. Furthermore, 
Lehnartz [1936] showed that the mobilization of K ions, which occurs 
in the heart under vagal inhibition, is produced equally well by acetyl- 
choline, and must therefore be regarded as a result, rather than a cause, 
of the inhibition of the heart muscle. 
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Relative effectiveness of testosterone and of progesterone in the 
inhibition of estrus and of the vaginal action of estrin in mice. 
By J. M. Rosson 


It has previously been shown [Robson, 1936] that testosterone will 
inhibit the cestrous cycle in mice. When it is administered together with 
cestrone in ovariectomized mice it prevents the appearance of vaginal 
cornification. In the present experiments the amounts of testosterone 
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and of progesterone necessary to produce these effects have been 
determined and compared. 

The daily injection of 20y of testosterone in two doses in oil, or a 
single dose of 20y of testosterone propionate in oil, completely inhibits 
the cestrous cycles; partial inhibition is produced by the daily injection 
of 10y of testosterone propionate. It is necessary to inject 200y of 
progesterone daily in two doses in oil in order to inhibit oestrus com- 
pletely, and partial inhibition may be produced by the injection of 100y 
per day. Testosterone is thus about ten times as effective as progesterone 
in the inhibition of cstrus. Shortly after cessation of these injections 
cestrus reappears. 

The injection of 0-2y of cestrone in four doses in oil into ovariectomized 
mice produces full vaginal cornification in more than 50 p.c. of animals 
[Hain & Robson, 1936]. When 0-2y of cestrone is given together with 
100y of testosterone, no cornification is obtained in any of the animals; 
50y of testosterone still produces a small degree of inhibition of the action 
of cestrone. It is necessary to give 750y of progesterone together with 
0-2y of cestrone in order to produce any inhibition of cornification. 
Testosterone is thus more than ten times as effective as progesterone in 
inhibiting the vaginal effect of cestrone. 

A total dose of 0-05y of cestradiol given in four doses in oil produces 
full vaginal cornification in over 50 p.c. of ovariectomized mice. Complete 
inhibition of the action of 0-05y of estradiol is obtained when 15y of 
testosterone is simultaneously administered; on the other hand 250, 
of progesterone produces no inhibition of the action of 0-05y of cestradiol. 
Testosterone is thus at least twenty times as effective as progesterone in 
inhibiting the vaginal action of cestradiol. 

It is well known that cestrus is inhibited in many species during the 
period of activity of the corpus luteum and this inhibition is generally 
attributed to the action of the luteal hormone, progesterone. The 
present experiments show that testosterone is much more effective than 
progesterone in the experimental production of this result. 


I should like to express my indebtedness to Prof. Laqueur and to Messrs Schering, 
Ltd., for supplies of progesterone, and to Messrs Ciba, Ltd., for the supply of testosterone 
and ite propionate. 


Hain, A. & Robson, J. M. (1936). J. Pharmacol., Baltimore, 57, 337. 
Robson, J. M. (1936). Proc. Soc. exp. Biol, N.Y., 85, 49. . 
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Effect of drugs on the muscular activity and blood supply 
ofthe uterus. By J. M. Rosson and H. Scutip 


In the course of an investigation on the reactivity of the cat’s uterus 
to extracts of the posterior pituitary lobe under various hormonic 
conditions, it was found that vaso-pressin produced a marked relaxation 
of the uterus im situ if the animal had previously been treated with 
cestrone or with cestrone and progesterone. No such inhibition was 
obtained in the ancestrous or castrated animal, or in the later stages of 
pregnancy. Moreover, vaso-pressin produced no inhibition of the isolated 
uterus suspended in Ringer-Locke solution, whatever the condition of the 
animal. 


The discrepancy between the responses obtained in vivo and in vitro 
suggested that the relaxation of the uterine muscle might be secondary 
to changes in the blood supply of the organ. We have therefore investi- 
gated the action of drugs on the blood flow through the uterus with a view 
to finding out whether alterations in the activity of the uterine muscle 
could be correlated with changes in the blood flow through the organ. A 
constant rate perfusion method was employed and the changes in inflow 
pressure were registered. The blood was taken from the animal’s own 
aorta and reperfused by means of a small Dixon pump through the 
uterine artery. Clotting was prevented by the administration of chlorazol 
fast pink. Highly purified preparations of the posterior lobe hormone, 
kindly supplied by Dr White of Parke, Davis & Co., were used. The main 
findings are as follows: 

(1) Vaso-pressin causes a marked rise in the perfusion pressure in un- 
treated non-pregnant cats as well as in animals injected with the ovarian 
hormones. Since vaso-pressin relaxes the uterus in the hormone treated 
animals but leaves the muscle unaffected in ancestrus or during the later 
stages of pregnancy it would appear that the vaso-constriction and in- 
hibition of the muscle are not interdependent. 

(2) Oxytocin causes an intense muscular contraction but has little or 
no effect on the blood flow through the uterus. 

(3) Although adrenaline relaxes the uterus of the cestrone-treated cat, 
and contracts the uterus of the cat under the influence of the corpus 
luteum hormone, it produces vaso-constriction in both cases: After the 
administration of ergotoxine, adrenaline causes vaso-dilatation. 

There is thus no correlation apparent between the effects produced by 
these drugs on the rhythmic contractions and tone of the uterine muscle 
and the concomitant changes in the blood flow through the organ. 
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: | Antibodies organ specific against the thyroid gland. 
ns By O. Kestner. (From the Rowett Research Institute, Aberdeen) 
t Pig thyroids, obtained from the slaughter-house, are minced in a 
mincing machine and treated with Ringer solution. The residue is frozen, 
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the sheep serum acquires the property of acting specifically against the 
thyroid gland in other animals. This has been found true of rabbits, dogs 
and rats. After some weeks the basal metabolic rate of the injected 
animals is lowered and stays at this lowered level for several months or 
longer. In the case of the rabbits, two injections suffice to give this 
result. 

The extracts of the thyroid are extracts of the cell contents and must 
be freed as far as possible from blood, lymph and colloid. Anaphylactic 
reactions have not been observed in the sheep injected. 


Specificity of antisera to gonadotropic extracts. By I. W. 
Row.anps. (From the National Institute for Medical Research, 
Hampstead, N.W.3) 


Collip and his co-workers [1934] in their original experiments with 
“antihormones” showed that certain specificity existed in the capacity 
of anti-gonadotropic serum to inhibit gonadotropic extracts of other 
types than that against which it was prepared. Further information 


has since been obtained by Fluhmann [1935], Gustus ef al. [1935], © 


Thompson & Cushing [1937], Rowlands [1937] and Rowlands & 
Parkes [1937]. 

In recent experiments, four groups of rabbits were injected daily 
(subcutaneously) for periods up to 8 months with gonadotropic extracts 
of (a) ox pituitary, (b) horse pituitary, (c) human urine of pregnancy, and 
(d) pregnant mare serum. Serum from each of the groups was then 
tested for its capacity to inhibit (a) the corresponding chronically in- 
jected extract, and (b) gonadotropic material from other sources. The 
tests were carried out on immature female rats injected for 5 days, the 
increase in ovarian weight being taken as the index of response. The 
results were as follows: 

(a) In each case, the serum inhibited the gonadotropic activity of the 
corresponding chronically injected extract. 

(6) Antiserum to gonadotropic extract of ox pituitary inhibited human 
and horse pituitary extracts, and antiserum to horse pituitary inhibited 
human pituitary extract. They were, however, less effective than against 
their own antigenic extracts. Both failed to inhibit sheep or pig pituitary 
extracts, but were effective in varying degrees against human urine and 
serum of pregnancy, and placental extracts. Both inhibited pregnant 
mare serum extract. 
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(c) Antiserum to human urine of pregnancy extract inhibited gonado- 
tropic preparations from all human sources but was ineffective against 
extracts of horse, sheep, pig and ox pituitaries and against mare serum 
extract. 

(d) Antiserum to pregnant mare serum seemed to inhibit extracts 
only from this one source. 

Specificity may thus be shown according to the species of animal and 
the source in the body from which the gonadotropic extract is prepared, 
but in other instances neither type of specificity is shown. It is difficult 
to say to what extent, if any, the observed specificity is due to a different 
balance between the follicle-growing and the luteinizing power of the 
different extracts, but immunological distinction between the substances 
responsible cannot be excluded. 


Collip, J. B. (1934). J. Mt. Sinai Hoep. 1, 28. 

Fluhmann, C. F. (1935). Proc. Soc. exp. Biol., N.Y., 32, 1595. 

Gustus, E. L., Meyer, R. K. & Dingle, J. H. (1935). Ibid. 38, 257. 
Rowlands, I. W. (1937). Proc. Roy. Soc. B, 121, 517. 

Rowlands, I. W. & Parkes, A. 8. (1937). Lancet, 17 April, p. 924. 
Thompson, K. W. & Cushing, H. (1937). Proc. Roy. Soc. B, 121, 501. 


The influence of glycotropic pituitary extracts on liver glycogen. 
By F. G. Youne 


The action of the anterior pituitary “anti-insulin” or “glycotropic” 
[Young, 19366] substance in diminishing or abolishing the fall of blood 
sugar normally produced by injected insulin is partly, but not entirely, 
explicable on the basis of its ability to facilitate hepatic glycogenolysis 
without initiating this process [Young, 1936a, b]. Preparations of this 
glycotropic substance appear to affect the liver glycogen content of 
fasting rabbits as shown by the results in Table I. In this experiment two 
groups of six pure-strain Dutch rabbits were given an injection of extract 
at the beginning of a fast and another 16 hours later; the animals being 
killed for glycogen determinations after 22 hours of fasting. The animals 
injected with pituitary extract received in all the equivalent of 4 g. of 
fresh ox anterior lobe. The extract contained negligible amounts of 
gonadotropic and thyrotropic hormones, but was rich in lactogenic and 
Pyemopis substances. The control animals were given an extract of a 
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similar amount of horse liver. Table I shows that the livers, and possibly 
the muscles, of the pituitary injected animals contain more glycogen than 


those of the control group. Similar results have been obtained with 
young rabbits and with mice. 


I 
Blood sugar Muscle Liver plyoogen 
No.. (a) Rabbits injected with horse liver extract. 
1 104 0-33 . 272 
2 95. 0-76 1-56 
3 111 0-56 0-19 
4 98 0-53 2-06 
5 lll 0-66 2-28 
6 107 0-48 1-98 
Average 104 0-55 1-79 
(6) Rabbits injected with anterior pituitary extract. 
7 120 1-03 4-37 
8 120 0-65 2-58 
9 112 0-81 10-84 
10 124 0-67 3-09 
ll 04 0-96 491 
12 100 0-86 4-88 
Average 111 0-83 511 


Fisher e al. [1936] have shown that in fasting hypophysectomized 
rats carbohydrate is lost at a greater rate than in control animals; at the 
same time the R.Q. is higher than is usual during a fast although the 
nitrogen excretion is normal. The injection of crude anterior pituitary 
extracts into hypophysectomized rats was found to diminish the carbo- 
hydrate loss during fasting, and to lower the n.g. The authors suggest 
that the crude pituitary extract contains a “glycostatic” [Russell & 
Bennett, 1936] substance which depresses carbohydrate oxidation. 
The absence of this substance is believed to lead to an increased loss of 
carbohydrate during fasting. It seems improbable that the increased 
glycogen contents shown in Table I result from the action of a “glyco- 
static” substance since the mobility of the liver glycogen in the injected 
animals is much increased, as shown by a greatly exaggerated hyper- 
glycemic response to emotional stimulus or adrenaline administration. 
Another possible explanation of the results is that in the injected fasting 
animals glyconeogenesis is proceeding at an increased rate. An increased 
glyconeogenesis from fat rather than depressed carbohydrate oxidation 
might be considered in the case of the results of Fisher et al. 

Increased glyconeogenesis could contribute to the production of a 
state in which insulin hypoglycemia is diminished, and a separation of 
the substance concerned with the increased liver glycogen during fasting 
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from that abolishing the hypoglycemic response to injected insulin has 
not yet been effected. Fractionation studies have shown, however, that 
these substances are distinct from the gonadotropic, thyrotropic end 
lactogenic hormones. 
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Attempts to produce antisera to the lactegenic and glycotropic 
substances of the anterior pituitary gland. By F. G. Youne 


Collip [1934] has shown that the production of antihormone activity 
to the gonadotropic, thyrotropic, ketogenic and growth substances of 
the anterior pituitary gland can be demonstrated in suitable circum- 
stances. 

A series of experiments has now been carried out with a lactogenic 
and glycotropic preparation from ox pituitary tissue, containing only 
negligible amounts of thyrotropic and gonadotropic activity. Rabbits, 
dogs and monkeys were injected daily for periods up to 9 weeks and 
their serum tested for power to inhibit the effect of the pituitary extract 
on pigeons (lactogenic activity) and rabbits (glycotropic activity). Serum 
obtained up to nine weeks possessed little ability to depress the physio- 
logical effectiveness of the extract; in some cases there seemed to be 
an augmentation of response. 

The lactogenic and glycotropic iin although difficult to 
separate, are not identical [Young, 1937], and it is interesting that sera 
raised to both these substances over nine weeks should fail to exhibit 
antihormone activity while antisera to gonadotropic and thyrotropic 
hormones, also prepared from ox pituitary, can thus readily be obtained. 
The difference might be explained on the grounds that the lactogenic 
and glycotropic substances are less antigenic, but the production of 
augmentary sera, if the apparent augmentation is significant, is more 
difficult to explain. The possible connexion of these results with those 


recently obtained by Thompson [1937] on augmentary sera is not 
clear. 
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The results recorded here suggest that the appearance of the transitory 
resistance to the diabetogenic action of crude pituitary extracts in dogs 
[Young, 1936] is not due to the formation of an antihormone to the 
glycotropic constituent of such diabetogenic preparations. 


Collip, J. B. (1934). J. Mt. Sinai Hoep. 1, 28. 
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The rate of cell-division of hen ‘monocytes’! in vitro. By 


F. Jacosy, (From the Department of Physiology, The University, 
Birmingham) 


The following experiments were undertaken to study in vitro the rate 
of multiplication of “monocytes” derived from the buffy coat of hens’ 
blood, The cells were cultivated according to the technique of Baker 
[1933] in Carrel flasks where, owing to the absence of a coagulum, they 
form a single layer of cells clinging to the glass bottom of the flask. The 
number of cells present and of mitoses occurring in a given field can be 
counted with accuracy. They were fed mainly with serum (1 c.c.) 
diluted with Tyrode solution. Uniform populations of “monocytes” 
were obtained in this way. When left alone in say 20 p.c. serum for 
4-5 days at 39°C. cell divisions no longer occur in the culture. This was 
taken as zero time, and after renewing the fluid phase in the flask 


Willmer’s continuous photographic method [1933] was then applied — 


and the percentage of dividing cells per unit time was determined. The 
cultures at 39° C. were photographed every 6 min. for varying lengths of 
time up to 5 days. 

The result is given in Fig. 1 as a mean curve of twenty experiments— 
regardless of the medium employed and of the age and past history of the 
individual culture—the hourly variations being eliminated by plotting 
in 10-hour periods the mean percentage of mitoses occurring per hour. 


1 Note on nomenclature. The term “monocytes” refers to those cells of the blood 
which survive and multiply actively in vitro and form a uniform population of isolated living 
individuals. The term is used irrespective of their histogenesis. Under in vitro conditions 
they are indistinguishable from the so-called tissue macrophages and share all the charac- 
teristics of the latter. 
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The curve thus reflects the general trend which the growth of the cell 
population pursues during a period between two feedings separated by 
5 days. Its main characteristics are: | 

(1) A latent period of about 20 hours before the cells start to display 
an appreciable mitotic activity. 

(2) A second period of another 20 hours during which the cells 
divide very actively (3-2 p.c. per hour). — 

(3) This is followed by a gradual decline of the growth rate which 
reaches zero at about the 100th hour, sometimes earlier. 

The length of the latent period varied in fifteen experiments from 18 
to 22 hours, in one experiment it was only 16 hours and in two experi- 
ments it was 26 and 30 hours respectively. A latent period of about 
20 hours suggests that the minimal interkinetic period of these cells, 
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Feeding Time in 10-hour periods Feeding 
. Fig. 1. Fowl blood “monocytes” (flask cultures). Average rate of cell division 
during a period between two feedings. 


when living in serum, might be of the same order. This was actually found 
to be the case: in one experiment (30 p.c. serum) in which it was possible 
to identify and follow “‘newly-born” cells uninterruptedly on the film 
until their division, the length of the interkinesis was found to vary 
between 16 and 20 hours. : 

The second period shows great hourly variations in the individual 
experiment; often the percentage mitoses reached values as high as 6, 7, 
or 8, but never stayed there for longer than 1 hour. 

After about 50 hours, including the latent period, the population will 
have doubled its size. The effect of this increase of the population on its 
further growth rate is still under investigation. 

In a few preliminary experiments the effect of embryo juice (20 p.c. 
in e solution) was also tried. A marked mitotic response was 
obtained, rising to a similar height as in most of the serum experiments. 
However, a profound morphological change takes place, the cells become 
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quickly and completely filled with fat droplets and cling as large flattened 
dises tothe glass. Although this change in morphology does not apparently 
interfere with one wave of mitoses which sets in many hours later, it tends 
to be irreversible and conveys the impression of some cellular damage. 
However, this point awaits further investigation. The latent period was 
again about 20 hours. This is in contrast to that of fibroblasts when 
treated with embryo juice, where it was found to be 10-12 hours [Willmer 
& Jacoby, 1936]. Is this difference due to different properties of the two 
types of cells or is it dependent on some slightly different external 
conditions such as presence and absence of a coagulum? 

Again, the question arises: is cell division merely dependent on 
sufficient food, as it would seem from these experiments on ‘‘ mon i 
living in serum, or does it need a special stimulating substance such as 
seems necessary for fibroblasts? 


Baker, L. E. (1933). J. exp. Med. 58, 575. 
Willmer, E. N. (1933). J. exp. Biol. 10, 323. 
Willmer, E. N. & Jacoby, F. (1936). Ibid. 13, 237. 


The slowing of heart rate produced by clamping the umbilical 
cord in the fostal sheep. By D. J. BaveEr. (From the Physiological 
Laboratory, Cambridge) 


The experiments to be described were performed on foetal sheep of 
various ages with the object of following the changes which occur in the 
heart rate when the umbilical cord is clamped. 

The mother was anesthetized and the foetus delivered in the manner described by 
Barcroft ef al. [1936]. The footus was supported on a wooden tray so as to be clear of the 
body of the mother, and electrodes were attached to small flaps cut in the skin of the fore- 
limbs. In this way the electrocardiogram was picked up, and, after suitable amplification, 
was recorded on a smoked drum by means of a mechanical oscillograph of the type described 
by Winton [1936]. obtain the Beart sate, 
and curves of heart rate against time were drawn. 


The course of events in an 88-day foetus is shown in Fig. 1. The 
umbilical cord was clamped by hand at zero time, and a gradual fall of 
heart rate occurs which is complete after about 60 sec. (curve A). The 
cord was then released and the heart rate rose to its former value. The 
vagi were then dissected out and prepared for ligature, and the 
umbilical cord was clamped once more. When the fall of heart rate had 
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taken place the vagi were ligatured, but no rise of rate was seen (curve B). 
The umbilical cord was released, and after allowing 5 min. for recovery, 
curve (). 
ag a similar courses in that the fall of heart 
rate occurs after the same lapse of time in each case, so it is concluded 
that the vagi are not concerned in bringing about the fall of rate. 
Similar curves for a 119-day foetus are shown in Fig. 2a, 6 and c. 
Curves D and E are of two successive clampings with the vagi intact. 
Curve £ is in the nature of a control and is reasonably coincident with 


Sec. after clamping cord 


i 


See, after clemplag coed Seo. after clamping cord 
. 2c, 119-de . 3. 140-day 


occurred to the original value, after which a fall set in which was con- 

siderably slower than the original one. The initial slowing is thus brought 
about by vagal action, but a fall will still occur at a later stage even when 
the vagi are cut. Curve G was taken after F with the vagi already cut; it 
shows the second fall of Fig. 2b and generally resembles the curves of 
Fig. 1. The curve of Fig. 26 starts with the initial fall of curves D and FE 
and then rises to join the later stages of curve G, and it can be plotted so 
as to coincide with these curves (Fig. 2c). 

Experiments on foetuses aged 130 and 140 days gave similar results. 
The fall of rate, which occurs when the vagi have been cut, might be due 
to a direct effect of asphyxia on the pacemaker or to an abatement of 
sympathetic tone. To test this point an experiment was performed on a 
140-day fostus, the results of which are shown in Fig. 3. Curves H and J ~ 
were obtained, with the vagi intact and then ligatured, as before; the 


D. In Fig. 2b the vagi were ligatured and an immediate increase of rate 
iS... 
6 
ri) loo ito Z 10 100 
Sec. after clamping cord i 
Fig. 1. 88-day sheep footus. Fig. 2a. 119-day sheep footus. 
vagus tied at R a & 10 
i 
0 
Sec. after clamping cord 
Fig. 2b. 119-day 
sheep footus. 
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stellate ganglia were then removed on both sides and curve K was 
obtained. This is of the same nature as J, so that the fall of rate cannot 
be due to the diminution of an accelerator tone. 

In no case was heart block visible in the electrocardiogram; the fall of 
rate which occurred after clamping the cord being due to a slowing of the 
whole heart. 

. Vagal stimulations were performed on all the foetuses and both the 
nerves were found to be able to slow the heart except in the case of the 
88-day foetus, where the left vagus had no effect and the right vagus only 
a very slight one. 

Thanks are due to Prof. Sir Joseph Barcroft and Dr D. H. Barron for their kind 
advice and assistance. 
REFERENCES 


Barcroft, J., Barron, D. H. & Windle, W. F. (1936). J. Physiol. 87, 73. 
Winton, F. R. (1936). Ibid. 87, 66 P. 


Acquisition of blood by the foetus from the placenta at birth. . 


By Barcrort and Tocuo Gorsrv! 


The following figures suggest that during normal birth a considerable 
amount of the foetal blood in the placenta (amounting to something of the 


order of 25 or 30 c.c./kg.) passes from the placenta and cord into the lamb. 


Blood volume in lambs of comparable size (3 kg. + 600 g.) 
fostal weight before tying umbilical cord and therefore 


including what is 
Serial no. 166 169 174 Mean 
Blood volume 213 209 172 198 
B. Blood volume c.c./kg. of lamb after tying cord 
Serial no. 166 169 174 Mean 
Blood volume 153 119 108 127 
©. A-B=blood left in placenta and cord c.c./kg. of lamb | 
Serial no. 166 169 174 Mean 
Blood volume 60 90 64 71 
D. Blood volume in lambs born naturally c.c./kg. of lamb 
Serial no. 188 241 246 Mean 
Blood volume 168 161 168 166 
E. Approximate contribution from placenta to foetus at birth = D — B = 166 — 127 =39 o.c./ 
kg., or 117 c.c. for a 3 kg. lamb 
F. discharged into measure from cord at the placental side of the 


(1) 75 o.c. (2) 83 c.c. (3) 80 c.c, 
1 Rockefeller Research Fellow. 
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‘The attainment of saturation by the arterial blood at birth. 
By Joszrx Barcrort, Kurt Kramer and G. A. MILiikan 


Observations were made with the object of ascertaining the possible 
minimum time from tying the cord till the oxygen in the carotid blood 
attained an approximately normal value. The head of the fetus on 
delivery was at once put into a bag through which a copious draught of 
oxygen was passing, the draught impinging on the nose of the footus. 
From 35 p.c. saturation the following levels were reached: 


Time from tying cord (sec.) 0 30 60 90 120 150 180 210 10 
of 20 6 58 82 8 85 
carotid | 


60 and 35 p.c.: administration of oxygen at once raised the level to over 
95 p.c. It may be concluded: 

(1) That the relative anoxsmia when breathing air was due to the 
low diffusion coefficient of the new-born lung, containing as it does a good 
deal of fluid. | | 

(2) That the carotid blood is all coming from the left side of the heart, 
within 4 min. of tying the cord. 

(3) 
saturation. 


On the effect of external temperature on the new-born lamb. 
By Kurt Kramer and G. A. Mrniikan 

A number of comparisons on new-born lambs showed that exposure of 
the lamb to the heat of an electric radiator raised the oxygen saturation 
in the blood consistently, though to a small extent. This was not 
accompanied by hyperpnea; if anything the respiratory activity was 
reduced. On the other hand, the lamb tended to become sleepy. Probably 
the explanation is that with a low diffusion constant in the lung, the less 
the oxygen uptake by the animal the more nearly could the blood attain 
oxygen equilibrium with the alveolar air. An exactly comparable 


phenomenon is seen at high altitudes, where the arterial blood darkens 
with muscular exertion, 
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The effect of urethane on the onset of respiration at birth. 
By J. Barocrort, D. H. Barron, K. Kramer and G. A. Mriikan 


Two years ago a demonstration was given of the onset of respiration 
in a goat’s foetus after clamping the umbilical cord. The first breath took 
place about # min. after the occlusion and was followed at considerable 
intervals by others. The experiment was carried out under urethane. 
If the foetus be subject to no anesthetic (the mother being given a spinal 


anesthetic) the picture is different. Respiratory movements appear 


before the cord is tied, caused presumably by handling the foetus, and 
continue afterwards without any considerable pause. These respirations 
have a more definite and rapid rhythm than the asphyxial gasps, and are 
obviously of a more delicate nature. In appearance they are of the 
pneumotaxic type. Usually, even in unanesthetized foetuses, gasps 
appear from time to time, becoming less obvious and disappearing as the 
pneumotaxic rhythm increases in amplitude. 

If the dose of urethane be not 4 but 2.c. of saturated solution per 
kg., after which the mother can sit up and eat but cannot stand and 
which leaves the respiratory centre of the mother apparently unimpaired, 
the same general type of tracing is obtained from the foetus as with the 
full dose, but pneumotaxic respiration appears sooner. Even this dose 
therefore dulls the respiratory centre of the foetus to a very marked 
degree. 


The cervical extension of the solitary tract. By D. H. Barron and 
Inenz F. A. Toomson. (From the Physiological Laboratory, Cambridge) 


Some of the sheep foetuses and embryos whose behaviour has been 
previously reported [Barcroft et al. 1936] have been prepared by silver 
techniques in order that the neuro-fibrillar development of their central 
and peripheral nervous systems might be studied. The plan was to 
correlate, if possible, the microscopic appearance of the nervous system 
and its functional capacity. Several silver methods have been tried 
including those of Cajal, Bielschowsky, Ranson and De Castro. 
Ranson’s pyridine silver method has proven most satisfactory for the 
younger embryos (22-36 days old). For embryos that contain bone we 
have found the De Castro method to produce the best results. In the 


serial sections of the embryos prepared by these two methods we have ~ 


been able to follow the development and to trace the connexions ons some 
of the chief tracts of the brain stem and the spinal cord. 
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In embryos 25 days old one of the most prominent fibre bundles of the 
rhombencephalon is the future solitary tract. Located at the dorso- 
lateral margin of the hind-brain it can be seen to receive fibres at its 
anterior extremity from the maxillary and the mandibular divisions of 
the trigeminal. These fibres of the trigeminal component appear to enter 
the bundle without bifurcating. More caudally fibres of the seventh, 
ninth and tenth nerves may also be seen entering the bundle. The 
majority of these fibres bifurcate, though some simply turn caudad. The 
fibres of this bundle may be traced to a point near the upper end of the 
first cervical segment. Beyond this level the fibres, if they do continue, 


_ are not organized so as to be recognized as parts of the bundle. 


Fig. 1. A diagram of a cross-section of the spinal cord illustrating the course of the sensory 


fibres entering the solitary tract. 


The tract is much increased in size in 30-day embryos and can be 
traced caudally into the upper segments of the spinal cord. How far the 
fibres contributed by the vagus or any of the other cranial components 
extend into the cord is not easy to determine, but the cervical portion of 
the tract is clearly continued by sensory fibres contributed by the spinal 
portion of the accessory nerve. At this age small bundles of fibres occupy- 
ing the same relative position as the solitary tract in the first cervical 
segment may be traced to the upper border of the fifth. Even at this 
level sensory fibres from the spinal accessory may still be seen contri- 
buting to the tract. 

The cervical extension of the solitary tract can be more clearly seen in 
the 36th day embryo. It appears to extend to the upper end of the sixth 
cervical segment where sensory fibres from the accessory nerve may still 
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Dor 
root 
A B 
Ag Accessory nucleus 
Accessory 
nerve Va 
————Antenor root 
| 


SOCIETY, 8 MAY 1937 81P 


be seen entering it. These sensory fibres contributed by the accessory 
appear to reach the tract by two routes (Fig. 1). Some of them appear 
to leave the accessory nerve, run dorsally and enter the spinal cord via 
the dorsal root (A in diagram). The majority, however, enter along the 
accessory motor root (B in diagram). They turn caudad and gradually 
migrate dorsally to their final position near Lissauer’s tract beneath the 
dorsal column. In fact these two tracts become intimately related in the 
lower cervical segments. In the 36th day embryo motor fibres of the 
accessory nerve leave the spinal cord as low as the seventh cervical seg- 
ment though the nucleus itself cannot be distinguished. 

These observations are in agreement with those of Windle [1931 a, 6], 
who found that in the cat and monkey the spinal portion of the accessory 
nerve is sensory as well as motor. The solitary tract, however, appears 
to have a much longer course in the spinal cord of the sheep than in the 
cat, for Windle [19314] states that the tract was not present below the 
second cervical segment. 

REFERENCES 
Barcroft, J., Barron, D. H. & Windle, W. F. (1936). J. Physiol. 87, 73. 


Windle, W. F. (1931 a). J. comp. Neurol. 53, 115. 
Windle, W. F. (1931 5). Ibid. 53, 71. 


The composition of ultramicroscopic particles in human blood. 
By A. ©. Frazer and H. C. Stewart. (From The Physiology Depart- 
ment, St Mary’s Hospital Medical School, W. 2) 


The chemical composition of the ultramicroscopic particles seen in 
human blood under dark-ground illumination has been the subject of 
controversy. McDonagh [1927] and Cunningham & Peters [1937] have 
suggested that they are protein; Gage & Fish [1924] and Frazer & 
Stewart [1936] claim that they are fat. The object of this communication 
is to correlate the evidence for supposing that the main structure of the 
particle is neutral fat. 


(1) Variation of different types of particle 
Three types have been described, dull, and large and small bright 
particles. So far these types have not been differentiated chemically, 
and it seems possible that they are of a similar nature but of varying 
refractility due to difference in size. From a study of the particle curves 
following a fatty meal it will be seen that all types of particles follow the 
same course (see Fig. 1). 
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The ingestion of protein or carbohydrate does not in any way affect 
the parallelism of these curves. Occasionally the large brights occur in 


relatively greater numbers after a very fatty meal as seen in Fig. 1. In 


j 
6 8 10 «17 «19-20 21 22 23 24 
5 .- « Duration of experiment in hours 


Fig. 1. Shows parallelism of curves for different types of particle, Large brights show a 
relatively greater rise after meal IV which contained much fat. 
Large bright particles. —— Small bright particles. 
Dull particles, 


prolonged starvation the small brights may exceed the dull particles for 
a short time when a rise in total particles occurs. The reason for this 
phenomenon is not yet clear. 


| (2) Variation with food 
A particle rise is only obtained after taking fatty food. The initial 
rise which occurs immediately after ingestion of food will only be seen if 
the previous meal contained fat. No alteration in the particles occurs if 
any food other than fat is taken. 


(3), Biochemical investigation 

Satisfactory extraction with ordinary fat solvents cannot be made 
without completely upsetting the dark-ground picture. Simple fat 
extraction is impossible in serum or oil in water emulsions where the 
fatty material is in an extremely finely divided state. Precipitation 
reactions are of little value owing to the presence of adsorbed protein on 
the surface of the particles. If the particle curves are correlated with 
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simultaneous blood fat determinations, it is found that the neutral fat 
content of the serum runs parallel with the particle curves (see Fig. 2). 


Duration of experiment in hours 
Fig. 2. Simultaneous serum particle, blood fat, and cholesterol estimations. 


——— Particles per field 
read on left-hand scale. 
----—— Blood fat in mg., p.c. read on right-hand scale. 


The main rise in blood cholesterol occurs after the particle curve has 
begun to decline. The blood fat determinations have been made by 


Bloor’s [1928] method. 


Bloor, W. R. (1928). J. biol. Chem. 77, 53. 

Cunningham, R. M. & Peters, B. A. I. (1937). Chem. and Ind. 56, 291. 
Frazer, A. OC. & Stewart, H. C. (1936). J. Physiol. 87, 72 P. 

Gage, 8. H. & Fish, P. A. (1924). Amer. J. Anat. 3, 1. 

McDonagh, J. E. R. (1927). Nature of Disease, London. 


The effect of the high-frequency field on the frog heart and 
muscle nerve preparation. By Lronarp Hii and H. J. Taytor 


The frog heart gives more frequent and smaller contractions on 
placing a platinum loop round but not touching the sino-auricular 
junction, and heating the loop to redness, and finally comes into arrest 
as if by a Stannius ligature, but begins to beat again on cooling with 
Ringer solution. If the heating is carried out too far, however, recovery 
does not take place and the ventricle then responds to a touch by a single 


contraction. 
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If the two naked ends of a length of wire are put on either side of the 
heart and the wire is put in a high-frequency field of sufficient intensity 
the same effects are obtained. Similarly in the case of a nerve-muscle 
preparation when an electrically heated wire loop is put round the nerve, 
or the ends of the wire placed in the high-frequency field are put on the 
nerve, tetanus is caused by these ends heating and drying the nerve. 
When single minimal shocks are applied to the nerve while it is being so 
heated the contractions at first became bigger; owing to drying of the 
surface there is better conduction of the exciting current to the nerve 
fibres, then finally excitability becomes less and less, to disappear even 
with maximal shocks as the deeper nerve fibres become dried and lose 
vitality. Irrigation of the nerve with cold Ringer solution prevents the 
effects. 


Release of histamine-like substance in anaphylactic shock from 
various organs of the guinea-pig. By H. 0. Scuitp 


In the course of an investigation on the anaphylactic reaction in the 
guinea-pig it was found that a histamine-like substance is released from 
the isolated uterus into the bath fluid during anaphylactic shock. The 
histamine release during anaphylactic shock from various isolated organs 
placed in Ringer was then studied. 

Samples of tissue weighing 200-600 mg. were removed from guinea- 
pigs sensitized to ovalbumen. The hollow organs were slit open and the 
tissues were washed in Ringer-Locke solution at 37°C. until no more 
blood was washed out. Each organ was then placed for 10 min. in Locke 
solution and for a further 10 min. in Locke solution containing the antigen. 
The control and ‘“‘shock” fluids thus provided were assayed for their 
histamine content on the atropinized guinea-pig’s gut. The average 
activity of the “shock” samples, expressed in terms of y histamine 
equivalent per g. of tissue, is shown below; the figures in brackets denote 
the number of experiments performed for each organ. 


Aorta (4) 3-24 Striated muscle (3) a 


Uterus (0) 1.60 Small intestine (5) 0-0 
in 
Heart (ventricle) (5) 0-43 (5) . 
Bladder (5) 0-31 Stomach (5) Nil (<0-025) 
Prag, (5) 0-21 Tleum (2) (<0-025) 
(5) 0-16 Liver (5) Nil ( <0-025) 


The controls were either inactive or else they produced an in- 
significant effect. The quantities of histamine released from the lungs 
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are slightly higher than those released from the isolated perfused organ 
in anaphylactic shock, thus suggesting that comparable amounts of 
histamine may be obtained by the two methods. 

Samples of “shock” fluid collected from several hearts were mixed 
together and the pooled sample was compared with histamine on three 
different preparations, the cat’s blood pressure, the guinea-pig’s uterus 
and the guinea-pig’s gut. The estimates of histamine content obtained 
in these tests agreed satisfactorily. The depressor activity on the cat’s 
blood pressure was not decreased after atropine. 


An isothermal chamber constant to one-thousandth of a degree 


centigrade, operated from alternating-current mains. By L. B. 
TURNER. 


The apparatus to be demonstrated comprises a chamber intended to 
house instruments or material which it is desired to hold at some constant 
temperature above that of the atmosphere—in the present instance, at 
about 50° C. 

The chamber is in the form of a cast aluminium cylinder with the top 
end removable for access to the interior. Helical grooves in the outer 
cylindrical surface contain platinum and platinum-silver wires forming 
two arms of a Wheatstone bridge, which is fed with alternating current. 
A heating coil wound over the length of the cylinder does or does not 
carry current according to whether the bridge is out of balance one way 
or the other. Fluctuation through a fraction of 1/1000° C. suffices to 
switch the heating current on and off; and this occurs continuously at the 
tate of about 1-3 cycles per sec. The heating current is controlled by the 
bridge with the mediation of two vacuous and one gas-filled valves. The 
working temperature is smoothly adjustable over a range of 1/10° C. 

All supplies are derived through a single connexion to the mains, and 
there is special provision to make the working temperature independent 
of voltage fluctuations liable to occur, such as +6 p.c. The apparatus 
may be left untouched provided that the room temperature remains 
between 5 and 25°C. The chamber temperature is found to be held 
constant to within about + 1/1000° C. over long periods (weeks). 

A paper describing the present apparatus, with an analysis of the ~ 
principles governing the design of fine electric thermostats, will be 
presented to the Institution of Electrical Engineers on 5 May 1937 and 
will shortly be published in the Journal of the Institution. 
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Bi-refringence and potential differences of single living striated 
muscle fibres. By Fritz Bucutuat. (Laboratory for the Theory of 
Gymnastics, University of Copenhagen) 


Most of our knowledge concerning double refraction (p.R.) has been 
derived from findings on the whole muscle and on fixed fibres [Sch midt, 
1924; von Muralt, 1935; Noll & Weber, 1935]. But there are many 
problems concerning the relation of p.R. to other physically and chemi- 
cally investigated processes which demand quantitative measurements 
of bi-refringence, uncomplicated by changes in fibre volume, fibre 
movements, or change in the ratio A : I. Together with G. G. Knappeis, 
the following experiments were performed. ; 

Measurements were made on single living uninjured fibres of frogs 
and lizards, The p.R. was determined by means of a Babinet compensator 
ocular using light of 546 my. The p.R. of the single, living fibre of a frog’s 
m. semitendinosus was found to be(1-70 + 0-016) x 10-*(230 preparations), 
and for the lizard 1-81 x 10-*. Injured fibres can easily be recognized by 
their higher values of p.R. (about 2-30 x 10-*) and by changes in histo- 
logical structure. Fibre thickness d (determined with a micrometer — 
eyepiece) and phase difference y are proportional, so that the quotient 
y/d is a constant. The distribution curve showed a maximum for fibre 
diameters of 60-120u. Also if the fibre is stretched up to 40 p.c. y/d is 
constant, 

In accordance with the results of earlier experiments on the whole 
muscle, the p.R. shows a decrease of about 20-30 p.c. during contraction 
of a single fibre. After a number of contractions a reversible decrease in 
D.R. can be observed, the degree of which depends upon the number of 
contractions performed (10-30 p.c.). If the two heads of origin of a 
m. semitendinosus are totally fatigued, the optical investigation of the 
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fibres of one head shows a decrease in bi-refringence of about 20-30 p.c. 
Analysis of the other head shows an increase in lactic acid of 290-325 p.c.’ 
(Lehnhartz-Orskov method, after fixation in liquid air). If, however, 
a resting muscle is laid in a small chamber in an amount of Ringer 
solution corresponding with its weight and containing as much lactic acid 
as the tired muscle produces (2y per mg. muscle), D.R. decreases by 
36 p.c. as against an increase in lactic acid of only 180 p.c. The greater 
influence of lactic acid on thé D.R. of resting'muscle is presumably the 
expression of the better buffer properties of muscle during and after 
activity. (Breakdown of phosphagen.) The phosphate content of resting 
muscle exposed to lactic acid in this way for $ hour is reduced slightly 
by diffusion from the outer fibres. If fibres poisoned with monoiodo- 
acetic acid are brought to complete fatigue a decrease in bi-refringence is 
not found. To investigate the relations between lactic acid formation 
and D.R., single fibres were treated with different concentrations of lactic 
acid in Ringer. The change in D.R. (which probably results from the effect 
of the H-ion on the proteins acting as a buffer) is dependent upon the 
concentration used and the time of exposure. The threshold was 1/150 
mol. A concentration of 1/90 mol. causes D.R. to disappear irreversibly 
[Stiibel, 1923, 1928], whereas cross-striation remains intact. The 
influence of electrolytes on D.R. might perhaps be used as a method for 
the comparative measurement of permeability. Acetic acid affects D.R. 
faster than lactic acid, probably on account of its better lipoid solubility 
and higher dissociation constant. We suppose that in these experiments 
undissociated acid is diffusing in and exerting a H-ion effect inside the 
fibre. Adding buffer solutions of lactic acid-lactate or acetic acid-acetate, 
where the anion concentration is nearly constant and the H-ion con- 
centration can be varied over a wide range, solutions with higher H-ion 
concentration have a greater effect on bi-refringence. Also after applica- 
tion of neutralized salt solutions in Ringer (Na+-K+-NH,* lactate and 
acetate) D.R. decreases, the threshold concentration being, however, 
10 times higher than with application of acids. In this case an anion 
exchange between carbonate and lactate, again bringing about a H-ion 
effect in the fibre, seems the most probable explanation. So few H-ions 
are present that a diffusion of undissociated acid inwards is unlikely. 
As phosphate solutions, even in high concentration, do not affect D.R., 
a cation exchange between H+ outside and, for example, K+ inside the 
fibre is not probable. 


lactic acid and were kindly caved ut for by Prot 
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When the uninjured single living fibre is exposed to acids or neutral 
salt solutions the effect upon D.R. and on the potential difference between 
two points on the intact surface run parallel. (Measurements of potential 
differences with micro-calomel-electrodes in connexion with an electro- 
static direct-current amplifier and galvanometer or cathode-ray oscillo- 
graph [Buchthal, 1934; Buchthal & Nielsen, 1936].) Irreversible 
changes in D.R. occur at the same time as irreversible decrease in potential, 
whereas in all cases with spontaneous restoration of bi-refringence, the 
potential differences show the same spontaneous reversibility, and the 
optical and electrically measured quantities reach their original value at 
about the same time. As there is little doubt about the close connexion 
between double refraction and the state of the contractile micelle, these 
experiments confirm the relationship between potential differences and 
contractile substance, the common factor being probably the dielectric 


constant. 
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A study of the cerebello-cerebral relationship by the oscillo- 
graphic method. By A. Eart Waker. (Laboratoire de Pathologie 
Générale, Brussels) 


Anatomical studies on the cerebello-thalamo-cortical systems in 
primates suggest that the connexion of each cerebellar hemisphere is 
mainly with the contralateral motor cortex (Walker, 1936]. It has been 
possible to demonstrate and study this cerebello-cerebral relationship 
by recording the response of the cerebral cortex to electrical stimulation 
of the cerebellum oscillographically in the isolated encephalic preparation 
introduced by Bremer [1935, 1937]. 

In cats, under ether anesthesia, the encephalon was isolated by section 
of the medulla at the obex. No further anzsthetic was administered and 
artificial respiration was maintained for the remainder of the experiment. 
Cortical potentials were led off by one or two pairs of electrodes (5-6 mm. 
apart) placed directly upon the cortex and recorded after amplification 
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by the Matthews or Dubois oscillograph. Small electrodes connected 
to the secondary coil of an inductorium were used for bipolar stimulation 
of the cerebellar cortex. The frequency of stimulation varied between 
12 and 25 break-shocks per sec. Both the stimulating and receiving 
electrodes were firmly attached to the calvarium by wax, so that slight 
movement of the head did not introduce an artefact. 

In twelve of the fifteen experiments which have been carried out, 
cerebellar excitation produced an augmentation in the frequency and 
amplitude of the cortical waves (Fig. 1). Usually the increased frequency 
and altered pattern of the cortical waves was striking and not at all to 


Fig. 1. Cat No. 5. Cortical lead from the left cruciate sulcus. A. Stimulation of the lateral 
portion of the right ansiform lobe. B. Stimulation of right ansiform lobe 3 mm. medial 
to the point stimulated in A, and near the vermis. The sensibility of the oscillograph 
was 20 mm. for 100 »V. Time marked signalled 1 sec. intervals. The secondary coil 
of the inductorium was set at 26 cm. for both records which were taken within 1 min. 
of each other. 


be confused with the artefact, the form of which was recorded after 
abolition of the cortical activity by asphyxiation or death of the animal. 
At times the cortical response closely followed the artefact of each shock, 
appearing to be almost synchronous with it. In the three cases from which 
no responses were obtained from cerebellar stimulation, the general 
condition of the preparation was poor, the brain anemic and the 
potentials from the cortex low. 

The alterations of the cortical activity as the result of cerebellar 
stimulation were most prominent in the potentials obtained from the 
motor cortex contralateral to the site of cerebellar stimulation, but 
occurred to a lesser degree in the ipsilateral motor cortex. At times 
alterations could be seen in the cortical activity of the parietal cortex, 
but not so pronounced as that present in the motor areas. The effect 
varied with the part of the cerebellum stimulated. In general, better 
effects were obtained from stimulation of the hemispheres than of the 
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vermis of the cerebellum. 2 p.c. novocaine applied to the surface of the 
cerebellum temporarily abolished the effect of weak stimulation in two 
cases, although strong stimuli still produced changes in the cortical 
potentials. Cooling (with ice) the surface of the cerebellum had a similar 
effect. Section of the superior cerebellar peduncle in two experiments 
abolished the response from cerebellar stimulation on that side, but did 
not alter the changes obtained from stimulation of the opposite cerebellar 
hemisphere. 

These oscillographic experiments suggest that the cerebellum (especi- 
ally the neocerebellar part) exerts a direct stimulating influence on the 
contralateral and, to a lesser degree, on the homolateral motor cortex. 
They confirm by another and more direct method the observations of 
Rossi[{1912](confirmed by Bremer [1932]), who showed that simultan- 
eous stimulation of a lateral lobe of the cerebellum rendered a previously 
infraliminal stimulus capable of producing a motor response from the 
cerebral cortex. 
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Potential changes in the cerebral cortex of the rabbit arising 
from cellular activity and the transmission of impulses in the 
white matter. By T. Sséstranp (Rockefeller Research Fellow). 
(Departments of Anatomy and Physiology, Cambridge) 

The well-known fact that strychnine evokes synchronous activity of 
groups of nerve cells has been employed to analyse the discharges from 
the cortical cells of the rabbit. Bartley found that application of 
strychnine directly to the brain of rabbits produced large diphasic waves. 
This effect is more easily obtained from rabbits under dial, and the waves 
are both larger in amplitude and more regular, if acetylcholine (0-2 p.c.) or 
especially eserine (0-2-1 p.c.) be dropped on the cortex either before, 
together with, or after strychnine. If strychnine and eserine are applied 
to the brush electrode or to the exposed surface of the cortex, it is found 
that the application of potassium cyanide to the same area, except the 
part immediately under the electrode, leads to the production of single 
regular waves (Fig. 1 A and B). 
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The potential changes of 1-2 mV. may continue for 1 hour and so may 
be studied in several ways. The application of a drop of acetylcholine 
directly to the brush electrode increases the frequency of the waves and 
can produce a grouping of potential changes of equal magnitude (Fig. 1 C). 
Repeated application of the acetylcholine or the application of a stronger 
solution inbibits the waves completely. The waves also disappear if 
potassium cyanide is applied to the part of the cortex under the electrode 


Fig. 1. Action potentials from the rabbit’s cortex registered with the Matthews oacillo- 
graph. Time in seconds. A, after application of strychnine and eserine to a great part 
of the cortex. B, after application of potassium cyanide to the cortex excepting the 
part under the electrode. C, the effect of acetylcholine on the discharges after strychnine 
and eserine. D, as in B, (1) electrodes at a distance of 26 mm., (2) 13 mm., (3) 7 mm. 
E, regular slow waves and diphasic waves after application of eserine and strychnine 
(1); the same after clamping the arteries to the brain (2). F, slow waves after de- 
cerebration (1); disappearance of slow waves after injection of durocain in the ventricles 
(2); diphasic waves elicited afterwards by application of eserine and strychnine (3). 


or if the brain is cooled. Interference with the respiration of the animal 
or with the blood supply to the cortex produces the same effect. The 
potential changes are therefore regarded as arising from the activity of 
cortical cells immediately under the electrode. 

The form of these waves differs slightly in very young rabbits and 
older ones; but they are always diphasic with a rapid negative and a 
somewhat slower positive phase. This is not due to conduction of the 
potential differences from the area of cortex under the electrode to the 
tissue at the earthed electrode. If the earthed electrode were put 
nearer to the grid electrode on a part of the cortex killed by potassium 
cyanide, the shape of the waves could not be changed (Fig. 1D). It 
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appears therefore that the diphasic form of the wave is due to changes in 
the tissue under the grid electrode. 

In order to distinguish between potential differences arising in the 
white matter and those arising in the cells, the activity of the latter has 
been inhibited either by potassium cyanide or by shutting off the blood 
supply to the brain. Both methods yield in the main the same results, 
but the latter is the more reliable. The blood supply to the cortex was 
cut off by first clamping the basilar artery anterior to the pons through 
a hole in the base of the skull. Subsequently both carotid arteries were 
clamped for2 min. or more. Insuch experiments it was seen that immediately 
after the clamping of the carotids the diphasic waves disappeared, but 
large, smooth and relatively regular waves continued for some seconds 
and then they too disappeared. In one experiment, before clamping the 
arteries, there were slow rhythmical waves on which diphasic waves were 
superimposed (Fig. 1E). When the blood supply had been shut off for 
2 min. the slow waves reappeared after a delay of some minutes. The 
other diphasic waves could not, however, be elicited by a new application 
of eserine and strychnine. In another experiment slow waves were 
registered after decerebration but disappeared when durocain was in- 
jected in the ventricles and the deeper part of the white matter. The 
subsequent application of eserine and strychnine produced the usual 
diphasic waves (Fig. 1 F). ee 

These experiments suggest that slow rhythmic waves can originate in 
the white matter of cortex. If the action potentials from the cortical 
cells are diphasic it follows that the general origin of the slow waves 
resides in the fibres of the white matter. 

I should like to thank Prof. H. A. Harris and Prof. Sir Joseph Barcroft for the 
facilities they have given me to work in their laboratories. 
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Localization of the respiratory centre. By Pierre RIJLANT. 
(Solvay Institute, Faculty of Medicine, University of Brussels) 
Simultaneous records of the action currents of the right and left 
phrenic nerves and of the recurrent laryngeal branches of the vagus, 
obtained during normal inspiration, show isochronous waves, in all the 
inspiratory nerves explored, having an average frequency of 80 per sec. 
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The frequency of the discharge remains constant whatever the frequency 
of the respiratory rhythm and changes only when the temperature 
of the brain stem is modified. This isochronism of the inspiratory waves 
is related to a co-ordinating mechanism which superimposes its own 
rhythm on the activity of the phrenic centres and on the nucleus 
ambiguus [Rijlant, 1937]. 

The central localization of the co-ordinating mechanism has been 
explored in the decerebrate cat and the chloralosed rabbit, curarized and 
under artificial respiration. The action currents of right and left recurrent 
laryngeal and phrenic nefves are simultaneously recorded with the 
cathode-ray oscillograph. A cut is made on the posterior part of the floor 
of the fourth ventricle, on the mid-line, having an average depth of 2 mm. 

When the cut extends 8-10 mm. on the floor of the fourth ventricle 
and 2 or 3 mm. behind it, normal mspiration disappears at once in both 
phrenic and laryngeal nerves. During a transient period, lasting a few 
minutes, a constant level of tonic activity occurs in all nerves. Then a 
periodic activity made of short outbursts occurs in the laryngeal nerve, 
the average frequency being 2 or 3 per sec., usually independent for the 
right and left nerves. The activity of the phrenic nerves becomes periodic, 
with a very slow frequency, identical for both nerves. No waves can be 
observed in either phrenic or laryngeal nerves. 

When the cut is made 1 mm. laterally, the same type of activity occurs, 
except that the nucleus ambiguus on the non-traumatized side keeps up 
an activity made of 80 regularly spaced waves per sec. The co-ordinating 
mechanism seems to be located in the mid-line at the posterior part of the 
fourth ventricle. 

When a short cut is made very carefully in the mid-line at the posterior 
end of the fourth ventricle extending 2 mm. on the floor of the ventricle 
and 1 mm. behind, the co-ordinating mechanism can be split into two 
independent systems. The two sides of the body breathe normally with 
independent rhythm. In either the phrenic or the recurrent laryngeal 
nerves, or in both, waves, having the constant frequency of 80 per sec., 
can be demonstrated. In some experiments an identical frequency of 
respiration has occurred for short periods of time on both sides of the 
body, but the waves maintained a distinct frequency on the two sides. 
After careful destruction of a small region on one side of the cut, the 
rhythmic waves in the laryngeal recurrent nerve localized on the same 
side disappear. 

Normal co-ordinated inspiration occurs only when the posterior part 
of the fourth ventricle is intact. Two mechanisms can be dissociated: 


a 

< 


—_ 


4 
| 
| 
| 
£ 
@, 
we 
4 
3 
A 
i 
‘ay 
‘2 
3 4 
hay 
3 
WwW 


SOCIETY, 5 JUNE 1937 45 P 


one responsible for the respiratory rhythm, the other co-ordinating the 
inspiratory activities. 
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A study of the after-discharge of spinal reflexes of the frog and 
toad. By V. Bonner and F. Bremer. (Laboratoire de Pathologie 
Générale, Brussels) 


The reflex twitches of the so-called ‘‘tonic” muscles of the spinal frog 
and toad are characterized by the intensity and long duration of their 
after-discharge [Bremer & Moldaver, 1933]. The phenomenon appears 
on the myogram as a delay in the relaxation of the twitch, often as a 
distinct “hump” (Fig. 1A, B, C, D, E); on the electromyogram as an 
asynchronous outburst of impulses which may last many seconds 
(Fig. 1 F, G). This after-discharge persists and is even increased after com- 
plete deafferentation of the limb, is augmented, but not selectively, by 
strychnine, is depressed, or abolished selectively (i.e. without diminution 
of the height of the reflex twitch) by narcotics, especially the barbiturates 
[Bremer & Moldaver, 1934]. 

The after-discharge of the reflex twitches of the semitendinosus 
muscle of the spinal frog (Rana temporaria) and toad (Bufo vulgaris), 
provoked by the summation of two break shocks applied to the central 
end of the homolateral sciatic nerve, has been further studied with the 
following results: 

(1) Injection of small doses of acetylcholine (0-02-1y in 0-1 c.c.) in the 
right aortic arch has an augmentory effect on the after-discharge, without 
necessarily increasing (on the contrary sometimes depressing) the height 
of the twitch to which it is appended. This effect of acetylcholine dis- 
appears after a few minutes. Larger doses (from 1-0 to 5-0y) have only 
a depressing effect on the spinal centre (cf. Schweitzer & 8. Wright, 
1937, on mammals]. 

(2) Eserine (50-200), besides increasing the effect of acetylcholine, 
has by itself an augmentory effect on the after-discharge. This effect 
develops gradually after the injection (Fig. 1A, B, C, D, E). 
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(3) Small doses of nicotine (0-1-ly intravenously) have a striking and 
long-lasting augmentory effect on the after-discharge (Fig. 1F, G). 
Larger doses (1-10y) provoke a spontaneous and long-lasting discharge 
of the spinal centre (Fig. 1 H). 


Fig. 1. A, B, C. Reflex twitch of the semitendinosus (2. temporaria): A, before; B, 7 min. 
after 50y eserine intravenous; C, 6 min. later; D, 9 min. later, 5 min after another 
injection of 100y eserine; E, 5 min. later. F. G. Reflex twitch of the semitendinosus 
of another frog: F, before; G, 2 min. after an injection of 0-5 y nicotine (tartrate) 
intravenous; note the complete fusion (super-position) of the after-discharge with the 
twitch and the increase thereby of the height of the latter. H, same animal, spon- 
taneous discharge of the spinal centre after the injection of 5y nicotine. In all the 
tracings, from above downwards: action potentials of the muscle, isometric myogram, 
time in intervals of 0-2 sec. 


(4) The after-discharge exhibits to a marked degree the phenomenon 
of facilitation by the repetition of the reflex in quick succession. 
(5) Cathodal polarization increases, sometimes enormously, anodal 
polarization decreases (but occasionally also increases) the after-discharge. 
(6) The effect of these agents (alkaloids or electrotonus) on the after- 
discharge is a purely central one. : 
These results seem to be consistent with the hypothesis that the after- 
discharge of spinal reflexes is the manifestation of a short-lasting rhythmic 
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automatism of nerve cells (probably internuncial neurones), which may 
have a neuro-humoral mechanism. | 


Bremer, F. & Moldaver, J. (1933). C. R. Soc. Biol., Paris, 114, 929. 
Bremer, F. & Moldaver, J. (1934). Ibid. 117, 821. 


Schweitzer, A. & Wright, 8. (1937). J. Physiol. 89, 165. 


A method of recording pH changes of a muscle during activity. 
By M. Dusuisson. (Rockefeller Institute, New York, and Laboratory of 
General Biology, University of Liége, Belgium) 

The figure shows the complete new arrangement for a frog’s muscle 

(M). The muscle is kept in a glass chamber (Ch) and, as a preparatory 


RINGER—$L pl 
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| 
step for the experiment, is first immersed in a buffered Ringer solution 


through which is bubbled (by £) steadily a gas mixture of 95 p.c. O, and 
5 p.c. CO,. The Ringer solution is then discarded and the chamber 
bubbled with 95 p.c. N,+5 p.c. CO, (anaerobic conditions). At this time 
the muscle and the film of moisture which covers it are in equilibrium 
with 5 p.c. CO,. A glass electrode (Z,) (MacInnes, first type) is now put 
in contact with the surface of moisture of the muscle. A rubber ring (2) 
isolates from now on that part of the muscle surface which is in contact 
with the glass membrane from the gas mixture in the chamber. Under 
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these conditions any change in pH inside the muscle occurring during 
stimulation is followed, owing to the CO, exchange, by a pH change in 
the film of moisture which is situated between the glass electrode and 
the muscle. The resulting change of potential of the glass electrode 
is recorded with an electrometer valve recording device (2) and a 
galvanometer (@). This new recording device is absolutely steady and 
allows us to use a relatively strong glass membrane which has of course 
a high resistance (+500 megohms). 

The current of MA is adjusted (with R,) to 100 mA. The resistances 


R, and R, allow us to compensate the plate current and to put the light © 


spot of the galvanometer to zero when the grid is directly connected to 
the filament by means of the interruptor 7. Electrodes and potentiometer 
are mounted in the grid circuit of the valve (Pliotron F.P. 54, General 
Electric Co.). If the potential of the electrodes is exactly compensated 
by the potentiometer, the galvanometer is also at zero when the grid is 
connected te the glass electrode. Any change of pH gives a change of 
potential which acts immediately on the galvanometer. The deflexions 
of the light spot are recorded on a silver bromide paper camera. The 
experiments have shown that the exchange of CO, which results from 
chemical processes occurring during and after contraction in the muscle 
is surprisingly fast. So that it is possible to record the pH changes of a 
muscle with relatively little lag of time. 


On the nature of combined CO, in human serum. By W.L. Du.iézre. 
(Fondation Médicale Reine Elisabeth, Brussels) 

The pH of an aerated serum is generally between 7-4 and 7-6 at 20°. 
The amount of total CO,, has been determined and found to average 
~ 50 vol. per 100 ml. of serum. 

In solutions of the Ringer type for mammals only 5-1 vol. of CO, per 
100 ml. are present when the usual average quantity of 200 mg. of 
sodium bicarbonate per litre is introduced. This is very different from the 
CO, content of plasma or serum. Now, when to a solution approximating 
closely to the saline composition of serum such a quantity of sodium 
bicarbonate is added that 50 vol. of CO, per 100 ml. are actually present, 
as in normal serum and normal plasma, we have found constantly that 
the mixture is of an alkalinity beyond the physiological range. The pH 
is beyond the reach of titration by a quinhydrone electrode. From 
colorimetric estimations and from measurements with a hydrogen 
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electrode, it is generally found to be about 10-5. In such conditions the 
great part of the normal calcium content, even of the ultrafiltrable 
calcium, is precipitate. Worse conditions of alkalinity are obtained when 
the 50 vol. of CO, are introduced in the form of sodium carbonate. It is 
clear that the normal quantity of CO, cannot be present as sodium 
bicarbonate or sodium carbonate. 

An explanation for these facts has been found from a study of serum 
by ultrafiltration. 

An almost constant phenomenon will be here described. When human 
serum is ultrafiltered through cellophane under a pressure of 20 atmo- 
spheres of nitrogen, the ultrafiltrate is very alkaline. It is red to phenol- 
phthalein, and shows, from estimations with a hydrogen and a quinhydrone 
electrode, a pH between 8-1 and 8-3. The ultrafiltrate contains all the 
CO, present in the serum. Now, when ultrafiltered proteins are redissolved 
in pure water to the initial volume, they show constantly an abnormal 
alkaline pH, from 7-8 to 8-1. (Precautions are taken that proteins never 
go dry in the ultrafilter and some additional water is filtered through the 
proteins, so that all adsorbed crystalloids are removed.) 

The adsorbing power of the solution of redissolved proteins towards 
CO, has been tested in every case after saturation with carbogen. They 
adsorb usually from 20 to 30 vol. of CO, per 100 ml. and the pH of the 
solution falls down to 6-8-7-15 (quinhydrone electrode). Even more CQ, is 
fixed when proteins have been washed for a longer time with pure water 
in the ultrafilter. Now, if to this solution of protein, saturated with 
carbogen, we restore the usual salts of normal serum (all but calcium), and 
sodium bicarbonate in such a quantity that CO, introduced in that form 
together with CO, previously adsorbed by proteins amounts to 45 vol. of 
CO, per 100 ml., the normal pH of 7-5, generally found for a normal serum, 
is reached and keeps so for days. The normal content of calcium can be 
finally added, with no variation of pH (quinhydrone electrode). 

This shows that CO, is normally present only partly as bicarbonate 


in an aerated serum, and that an important part is present in a different 


state, probably retained as a carbamino compound of proteins. 


Quantitative study on the amphoteric properties of proteins 
of human serum. By W. L. Dutrtre and R. L. Minne. (Fondation 
Médicale Reine Elisabeth, Brussels) 


When the proteins of human serum are precipitated by 2 vol. of 
alcohol only negligible traces of calcium are extracted by alcohol. 
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When an excess of CaCl, is added in a concentrated form to the serum 
it cannot be extracted by alcohol, in which it is very soluble, until a 
critical saturation has been reached. Calcium is quantitatively adsorbed 
in the precipitate. Proteins were found responsible for about 75 p.c. of 
this adsorption. 

The quantitative adsorption of calcium by proteins has been established 
on a material purified by various procedures : 

(1) Proteins were precipitated several times by 10 p.c. ee 
acid and redissolved by normal caustic soda. 

(2) Proteins were purified from crystalloids by ultrafitieation, care 
being taken that they should keep constantly moistened along the 
filtration. 

(3) Proteins were precipitated by 2 vol. of alcohol and washed 
several times with 94 p.c. alcohol. It has been found that proteins could 
be redissolved when alcohol was removed by large quantities of ether. 
The addition of some caustic soda is then necessary and can be subsequently 
quantitatively neutralized by HCl. 

Some fatty material is retained with proteins in (1) and (2). The third 
procedure removes the totality of fatty substances as well. 

Proteins were prepared from mixtures of at least ten individual sera, 
so that average figures might be collected. To a solution of purified 
proteins from 10 c.c. of serum, 1-ml. of 8-4 p.c. CaCl, was added at pH 
7-3. 48 hours later, proteins were precipitated by 2 vol. of 94 p.c. 
alcohol, and washed with alcohol, until no retained CaCl, could be 
extracted. Centrifuged proteins were desiccated at 105°, weighed, in- 
cinerated in a platinum crucible, and estimated for their calcium content. 

From a large number of results it has been established that proteins 
purified by the first method adsorb 10 mg. of calcium per g. of desiccated 
proteins. Proteins purified by the second and the third method adsorb 
about 9-6 mg. of calcium per g. of proteins. Only slight variations were 
found in the figures. 

An estimation of the COOH groups may be obtained from the calcium 
fixation. 20 mg. of Ca represent 45 mg. of COOH. If we take 10 mg. of 
Ca per g. of protein (a figure collected from more than 20 determinations 
on proteins purified by trichloroacetic acid), we find that proteins contain 
22.5 mg. of COOH per g. 

We have determined recently the content in amino-nitrogen of the 
same proteins [Duliére, 1936]. 6-35 mg. of amino-N per g. of proteins 
have been found. The figure was reported to a weight of trichloroacetic 
acid precipitate, and it was mentioned that it should be multiplied by 
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1-085 if it had to be reported to lighter alcoholic precipitates. In fact, 
from new experiments, it was found that alcoholic precipitates indicate 
7-3 mg. of free amino-N per g., a little more than the 6-9 mg. calculated. 
A theoretical equimolecular ratio between amino-N and COOH would 
require 7 mg. of amino-N for 22-5 mg. of COOH. The conclusion is drawn 
that a quantitative account is given for the amphoteric character of the 
whole mass of proteins in human serum. Albumins and globulins adsorb 
calcium in a nearly similar proportion. But albumin contain more 
amino-nitrogen than globulin, as it has been previously reported. 


REFERENCE 
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The role of hypophysis in the pharmacological actions upon the 
melanophores of frogs (Rana temporaria). By T. C. R. Suen. 


(J. F. Heymans Institute of Pharmacology, University of Ghent) 


In a preliminary communication [Shen, 1937] it has been shown that 
piperidino-methyl-3-benzodioxane (F 933) has a marked melanophore- 
expanding effect upon frog’s skin, and that this action is independent 
of the nervous system, and still remains when the anterior lobe alone of 
the hypophysis is removed. But the effect disappears entirely either in 
the isolated skin or in amputated legs or in totally hypophysectomized 
frogs. Later on, we find that the normal action of F 933 can be partially 
or completely restored in hypophysectomized animals by hypophysis 
hormones, Injection of 2-3 mg. of F 933 into the hypophysectomized 
frogs just at the moment when the previous effect of either hypophysin 
(Bayer, 0-0025-0-05 unit) or tonephin (Bayer, 0-1-0-8 unit) begins to 
diminish will prolong the period of melanophore expansion for 2-5 hours 
or more, Orasthin (Bayer-Meister-Lucius) has no such restoring power. 

Diethylaminomethyl-3-benzodioxane (F 883). Administration of 4-5 
mg. of F 883 to normal pale frogs promotes expansion of melanophores 
within 20 min. The effect passes off from 4 to 7 hours later, Injection of 
the same dose into the hypophysectomized frogs again fails to evoke the 
normal darkening response. But when 4 mg. of F 883 are given together 
with 0-2 unit of tonephin, the melanophore-expanding effect of the latter 
is prolonged 8 hours more than the controls. 
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Chloralosane. It has been shown [Houssay & Ungar, 1925] that 
chloralosane expands the melanophores of frogs ( Leptodactylus ocellatus L.), 
but it has no effect upon the isolated limbs. One hour after 5-10 mg. 
of chloralosane have been given to normal pale frogs, maximal expansion 
of melanophores and remarkable blackening of skin occur. This effect 
- lasts for 6-24 hours. When the same dose is injected into the pituitary- 
less frog, no such influence can be noticed through 5-6 hours of continuous 
observation thereafter. Simultaneous administering of 8 mg. of chloralosane 
and 0-2 unit of tonephin prolongs the effect of tonephin for 2 hours. 

Nicotine. Nicotine has been known as a melanophore-expanding 
substance both in normal and in hypophysectomized frogs [Hogben & 
Winton, 1923]. 10-25 min. after administering 1-5 mg. of nicotine to 
normal light-coloured animals, decisive darkening of skin occurs, ac- 
companied by motor paralysis. The colour of the whole body becomes 
practically black 1 hour after injection and returns to its normal pale 


tint 4-6 hours later. In hypophysectomized frogs, the melanophore- : 


expanding action of nicotine is negligibly slight, if there isany. Injection 
of 5 mg. of nicotine together with 0-2 unit of tonephin prolongs the 
darkening effect for 24 hours. 

Yohimbine. Yohimbine has been found to reverse the action of 
adrenaline as regard to arterial blood pressure [Raymond-Hamet, 
1925]. After injection of 1 mg. of yohimbine, normal light frogs become 
exceedingly dark within 20-30 min. The effect lasts for 7-12 hours. The 
same dose is without influence upon hypophysectomized frogs, while by 


simultaneous injection of 0-5-0-7 mg. of yohimbine and 0-2—0-3 unit of — 
tonephin, the normal darkening action of the drug is completely restored. 


After slight doses of yohimbine (0-15-0-2 mg.), the immediate response 


of dark skin can be induced by subsequent injection of 0-1—0-2 mg. of — 


adrenaline both in the normal and in the hypophysectomized animals. 
Atropine and ergotamine. As known, atropine and ergotamine induce 


contraction of melanophores in normal frogs. In hypophysectomized . 


animals the injection of 1-2 mg. of atropine sulphate is followed by a 
reversed darkening reaction within 15-30 min. The maximal expansion 
of melanophores appears about 1 hour after the injection. Two hours 
later the effect gradually passes off. Previous injection of 0-2 unit of 
tonephin restores its normal action of constricting the melanophores. 
The injection of 0-1-0-5 mg. of ergotamine tartrate (Gynergene 
Sandoz) into hypophysectomized frogs causes a transient but definite 
darkening, though expansion of melanophores in the web cannot be 
observed. 0-5 mg. of ergotamine may provoke contraction of the 
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melanophores of hypophysectomized frogs, expanded by previous injec- 
tion of tonephin. 0-1-0-3 mg. of adrenaline injected after slight dose of 
ergotamine is again followed by a darkening reaction. 

Strychnine, chloroform, ether and amyl nitrite have a melanophore- 
expanding effect both on hypophysectomized and on normal frogs. 
Lobeline, ephetonin and basergin are found to exert some melanophore- 
contracting influence on normal dark frogs. 

The above facts clearly show that the point of action of the substances 
F 933, F 883, chloralosane, nicotine, yohimbine, atropine and ergotamine, 
is peripheral in nature, and that these drugs can exert their normal 
action upon the melanophores only when some hypophysis hormone is 
present in the neighbourhood of the end organs. In other words, hypo- 
physis hormone is an indispensable intermediate factor for these drugs 
to influence the chromatophore cells. Some other substances (ether, 
chloroform, strychnine, etc.), however, can act upon melanophores in 
the absence of hypophysis hormones. | 


REFERENCES 
Hogben, L. T, & Winton, F. R. (1923). Proc. Roy. Soc. B, 95, 15. 
Houssay, B. A. & Ungar, I. (1925). C. R. Soc. Biol., Paris, 98, 253. 


Raymond-Hamet, (1925). C. R. Acad. Sci., Paris, 180, 2074. 
Shen, T. C. R. (1937). C. R. Soc. Biol., Paris, 124, 991. 


On the existence in the bird of a system of intrinsic fibres 
connecting the stomach to the small intestine. By P. Noir 


If both vagi of a fowl are cut and the dorso-lumbar segment of the 
spinal cord is destroyed, stimulation of the vagi nerves below the dia- 
phragm produces an increase in both the frequency and the amplitude of 
the automatic movements of the small intestine throughout its whole 
length. The phenomenon is best studied on loops of the intestine isolated 
between two ligatures or between two transversal sections of the gut, 
so as to avoid peristaltic propagation to the lower part of motor effects 
produced in the upper. | 

The hyperkinetic action of the vagus nerves is usually interpreted as a 
proof that they distribute their fibres throughout the whole length of the 
small intestine. It would seem that, in the fowl, the effect is, in the main, 
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a repercussion on the small intestine of the excitation produced by the 
vagi on the automaticity of the stomach, this excitation being transmitted 
to the intestine by a system of intrinsic gastro-intestinal fibres. The 
existence of the latter is shown by two kinds of experiments, of which one 
deals with the upper, the other with the lower portion of the small in- 
testine. The upper parts share in the automaticity of the gizzard; that is 
to say, under certain favourable experimental conditions they are the 
seat of spontaneous contractions as regular as those of the gizzard and 
with the same rhythm. Isorhythm is observed in the first and in the 
second portion of the duodenum ; sometimes even in the upper part of the 
ileum in animals whose duodenum has been cut through between the two 
portions of the duodenum and between the duodenum and the ileum. It 
persists when the rhythm of the gizzard accelerates under faradic stimu- 
lation bearing directly on the local nervous apparatus controlling it. It is 
seen not only in the normal animal, but also in the animal in which all the 
extrinsic nerves of the stomach and of the intestine (vagus and sympa- 
thetic) have previously been severed and allowed to degenerate. Under 
these conditions, isorhythm can only be explained by the existence of 
gastrointestinal intrinsic nervous fibres connecting the nervous system 
which commands the automaticity of the gizzard, to the different seg- 
ments of the small intestine. Some reach their destination by fol- 
lowing the wall of the duodenum, others by following along the Remak 
nerve or the mesenteric artery and its branches. Many of them, at the 
outcome of the gizzard, enter the gastroduodenal tract. They are most 
abundant in the segments of the intestine nearest the gizzard. From the 
middle part of the ileum, they are no longer sufficiently numerous to 
make the automaticity of the intestinal loop synchronous with that of the 

To demonstrate the existence of the fibres in the lower half of the 
small intestine, it is necessary to use an animal in which all the extrinsic 
nerves of the stomach and of the intestine have previously been cut and 
allowed to degenerate. After extirpation of the gizzard, one loop is 
isolated from the middle part of the ileum, another from the lower end. 
Faradic stimulation of the gastroduodenal tract causes in both loops a 
motor reaction consisting essentially in an exaggeration of their auto- 
maticity occurring after a latent period of varying duration which may 
even last several minutes. It is sometimes preceded by an initial contrac- 
tion which can be observed even in the end part of the ileum. It does not 
differ either in quantity or in quality from the reaction following on 
stimulation of the vagi nerves in the normal animal. 
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The action of caffeine and related substances on the effects of 
autonomic nerve stimulation. By Z. M. Bacg and H. Frepericg 


Caffeine (trimethylxanthin) in moderate doses (3-5 mg. per kg.) 
increases the response of the cat’s heart to maximal vagal stimulation 
(condenser discharges at fixed frequency but in variable number from 
1 to 40). This confirms our previous observations on the turtle’s auricle 
[Fredericq & Bacq, 1937]. Caffeine potentiates (approximately 
doubles) the vaso-dilatation of the dog’s penis obtained by similar 
quantitative stimulation of its cholinergic parasympathetic nerve supply. 
Oury [1937] has shown that in vitro caffeine sensitizes the frog’s rectus 
abdominis and the turtle’s auricle to acetylcholine. We have seen that the 
vaso-dilator action of acetylcholine is increased in the dog and in the eat 
by moderate doses of caffeine. 

The action of that substance however resembles that of eserine only 
superficially, The anticholinesterase activity of caffeine is very low 
[Kahane & Jeanne Levy, 1936]. The sensitization of the isolated frog’s 
muscle is, with caffeine, nearly instantaneous, while on the same prepara- 
tion the action of eserine is maximal only after 30 min. The action of 
caffeine persists after full eserinization. Besides its potentiating action on 
cholinergic nerve stimulation, caffeine in larger doses (50-200 mg. per kg.) 
has a depressing effect on adrenergic stimulation (for instance, cervical 
sympathetic on nictitating membrane) ; this effect is not explainable by a 
parallel decrease of tissue sensitivity to injected adrenaline. Thus we 
have suggested {[Fredericq & Bacq, 1936] that caffeine may diminish 
the amount of adrenaline liberated by each impulse at the periphery. 
This suggestion is supported by the fact that in high concentration 
(0-5 p.c.) caffeine decreases markedly the action of vagal stimulation on 
the turtle’s auricle. 

So far we have been unable to find a consistent explanation for these 
various effects of caffeine. 

Theobromine and theophylline (dimethylxanthines) have the same 
action as caffeine. 
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Sympathetic stimulation, adrenaline and mobilization of 

muscle glycogen. By Z. M. Baca and H. P. Marxs 

Corkill e al. [1934], using the eviscerated spinal cat preparation, 
observed that a discharge of muscle glycogen was caused both by a slow 
intravenous infusion of adrenaline and by stimulation of the sympathetic 
nerve supply to the muscles concerned. 

In their experiments the adrenal glands were left intact, but we find in 
more recent experiments that when the adrenal glands are also removed 
along with the viscera, stimulation of the sympathetic causes no dis- 
charge of muscle glycogen. The most likely explanation would seem to be 
that the adrenal glands continuously secrete into the circulation some 
substance, probably adrenaline, which facilitates the mobilization of the 
muscle glycogen by stimulation of the sympathetic; or alternatively that 
the intact adrenal glands and the stimulated sympathetic nerve endings 
separately produce a concentration of adrenaline in the muscle fibres in- 
sufficient to cause a discharge of glycogen, but when they act together, 
the adrenaline concentration exceeds the threshold for glycogen mobiliza- 
tion. We therefore stimulated the sympathetic supply to the muscles of 
one leg after removal of the adrenal glands, and simultaneously infused 
adrenaline in amounts insufficient, in most instances, to cause, of them- 
selves, any appreciable loss of muscle glycogen. Any direct action of the 
infused adrenaline on the muscles was excluded by taking muscle samples 
for glycogen estimation from the unstimulated leg as well as from the 
stimulated leg, at the end of the experiment. 

The following figures show the loss in percentage muscle glycogen 
during 14-3 hours’ sympathetic stimulation under the various conditions, 
the minus sign indicating a gain in muscle glycogen. The effectiveness of 
the stimulation was judged by rise of blood pressure and erection of the 
tail hairs. Where these criteria were not obtained satisfactorily or 
regularly throughout the greater part of the period of stimulation, the 
figures are marked with an asterisk. 

In the third series of experiments, the figures in brackets indicate the 
total amount of adrenaline infused in mg. per kg. body weight. 

Loss of muscle glycogen, p.c. 
Adrenals intact 0-09, —0-03, 0-07, 0-05, 0-02, 0-09, 0-12, 
0-07*, 0-02, 0-09, 0-12, 0-06*, 0-02*, 0-08. 
Adrenals removed —-—0-05, 0-02, 0-01*, —0-06. 
Adrenals removed, 0-02 (0-033), —0-02 (0-020), —0-02 (0-016), 
adrenaline infused —0-01 (0-01), 0-03 (0-007), 0-05 (0-005), 
—0-08* (0-002), —0-02* (0-002), —0-05 (0-002). 
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In only three cases did sympathetic stimulation with simultaneous 
infusion of adrenaline cause any loss of glycogen at all (0-02, 0-03, 0-05), 
and then not to an extent in any way comparable with that normally 
occurring in the presence of the adrenal glands. The results therefore do 
not support the view that it is adrenaline secreted by the intact adrenal 
gland which enables sympathetic stimulation to mobilize muscle glycogen. 
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The effect of paralysis of the thalamic centres on adrenaline 
secretion. By Grorces KertTrenMEYER and Jzan La Barre. 
(Laboratory of Pharmacology and Therapeutics, University of Brussels) 

While studying the antidiuretic action of some hypnotic drugs, 
E. P. Pick [1928] was led to consider the barbituric derivatives, as well 
as magnesium sulphate, as substances which exercise a depressive action 
on the thalamic region. On the other hand, Wauters and one of us [1933] 
have reported that appropriate doses of sodium barbital stops post- 
insulinic hypersecretion of the stomach. More recently one of us and 
Saric [1937] have shown that the hyperadrenalinemia which follows the 
administration of blood-sugar reducing doses of insulin has its origin in 
the central nervous system. | 

The question then arose whether these postinsulinic adrenalino- 
secretory reactions depend on some state of hyperexcitability whose 
point of origin is in the thalamic region. 

To demonstrate this, we set out to find if the postinsulinic hyper- 
adrenalinsemia persisted in animals in which the action of the thalamic 
centres is inhibited, either by the administration of sodium barbital 
(100 mg. per kg. of body weight), or by the injection of a large dose of 
magnesium sulphate (300 mg. per kg.). 

The adrenaline content of the venous blood coming from the supra- 
renal gland is determined by the method of suprarenal venous fistuliza- 
tion formerly described by one of us [La Barre, 1927], the basis of which 
rests on the intensity of hypotonic action exercised by the suprarenal 
venous blood on an isolated intestinal loop of a rabbit. We have thus been 
able te note that dogs, whose thalamic centres were paralysed by sodium 
barbital or by magnesium sulphate, do no longer show an exaggeration of 
adrenaline secretion after receiving }-1 unit of insulin per kg. of body 
weight. 
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These observations lead to the supposition that the compensatory 
adrenalinemic reactions of hypoglycemia depend, to a large extent, on a 
perfect integrity of glycoregulator centres situated in the thalamic region. 


La Barre, J. (1927). Arch. int. Méd. exp. 3, 41. 

La Barre, J. & Saric, R. (1937). C. R. Soc. Biol., Paris, 114, 287. 

La Barre, J. & Wauters, M. (1933). Arch. int. Pharmacodyn. 44, 178. 
Pick, E. P. (1928). Dtsch. Z. Nervenheilk. 106, 238. 


Pressoreceptor vaso-motor reflexes from the carotid sinus in 
conscious dogs and in animals under chloralosane or mor- 
phine-pernoctone anesthesia. By Francis Bayiess and C. 
HEYMANS 


If the results of experiments on narcotized dogs are to be properly 
interpreted, it is essential that the anesthetic be free from undesirable 
collateral effects on the physiological mechanisms under investigation. 
This requirement is especially important for studies depending upon the 
preservation of the vaso-motor reflexes of the carotid sinuses; one must, 
as nearly as possible, maintain normal conditions and avoid drugs which 
impair the reactions of the circulatory system, as interference with the 
reflexes governing its functions may confuse, if not completely invalidate, 
the observations. | 

With this in mind we compared the vaso-motor reflexes originating in 
the carotid sinuses in (1) conscious dogs, (2) dogs under the narcosis 
usually employed for this type of research—the chloralosane method as 
followed in our laboratory in Ghent, and (3) the morphine-pernoctone 
anesthesia principally employed in the laboratory of Rein [1934], who 
recommends it as the best and most physiological. 

Under local tissue infiltration with novocaine, the dog’s common 
carotid arteries are isolated, the trachea is cannulated, and a femoral 
artery connected for blood-pressure registration. The dog, conscious and 
comfortable, exhibits normal pressoreceptor vaso-motor reflexes from 
the carotid sinuses. The degree of individual reflex responsiveness of the 
animal thus established, the animal is then narcotized with morphine 
(4 mg. per kg.) and pernoctone (0-5 c.c. of 10 p.c. sol. per kg.) in the 
manner described by Rein & Schneider [1934]. 
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‘We have observed that the morphine portion of the anesthetic causes 
slower breathing and usually a slight fall in blood pressure. The carotid 
sinus reflexes remain intact or are slightly depressed. However, after the 
pernoctone is given the breathing becomes much slower, the arterial 
blood pressure falls and the carotid sinus reflexes are invariably greatly 
depressed and often completely abolished. The rectal temperature does 
not change; the animal being warmed if necessary. Prostigmine and 
atropine, alone or together, are without effect in preventing or in re- 
moving the vaso-motor paralysis. Artificial respiration does not restore 
the reflex response. | 

Dogs, tested first in the conscious state and then narcotized with 
chloralosane (10 mg. per kg. intravenous), maintain for hours without 
impairment their carotid sinus vaso-motor reflexes; under both conditions 
the form and intensity of the reflexes are practically identical; sometimes 
the vaso-motor reflexes are slightly increased by chloralosane. 

The experiments demonstrate (1) that dogs, when conscious or under 
chloralosane anzsthesia, maintain a constant level of blood pressure and 
excellent carotid sinus vaso-motor reflexes, (2) that the morphine- 
pernoctone anesthesia is not suitable for experiments relating to the 
circulatory system because it produces a steady decline in blood pressure 
and great depression, and often abolition, of the proprioceptive mechanisms 
of cardiovascular regulation. 


REFERENCE 
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The influence of barbiturates on the proprioceptive mechanisms 
of vaso-motor tone regulation. By J. J. Bovcxarrr and C. 
HEYMANS 

In previous publications [Hey mans ¢ al. 1929, 1936 a, b,c, 1937] we 
reported that in dogs deprived of their pressoreceptor vaso-motor reflexes 
from the aortic arch, carotid sinuses, vene# cave and pulmonary artery, 
increase and decrease of the general blood pressure still caused, respec- 
tively, a decrease of adrenaline output with a general neurogenic vaso- 
dilatation, and an increase of adrenaline output with a neurogenic vaso- 
constriction in the splanchnic and peripheral circulations. These 
compensatory, humoral and nervous, vaso-motor reactions induced by 
variations in blood pressure are not due to a direct influence of blood 
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pressure on the vaso-motor centres. These reactions are still present in 


the spinal dog, but disappear after the acute destruction of the cord in 
the spinal animal or after total bilateral sympathetic ganglionectomy. 
These vaso-motor reactions are reflexes induced principally through 
endovascular stimuli to pressoreceptors localized in the lower thoracic 
and upper abdominal aorta, and in the organs supplied by the coeliac and 
mesenteric arteries. 

It has been shown in our laboratory by Vercauteren [1932] and 
Nowak [1934] that several barbiturates (somnifene, numal, amytal, per- 
nocton, evipan) may depress or even suppress, the pressoreceptor vaso- 
motor reflexes from the carotid sinus. Experiments have been under- 
taken with the object of examining the influence of different drugs on the 
vaso-motor reflexes induced by the variations of blood pressure in dogs 
deprived of their pressoreceptor vaso-motor reflexes from the aortic arch, 
carotid sinuses, vens cave and pulmonary artery or in spinal dogs. The 
first group of experiments with these animals showed that numal and 
pernocton have a marked depressive or even paralysing action on the 
proprioceptive mechanism of the regulation of vaso-motor tone which we 


have described. 
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The epicardium origin of vagal reflex. By H. pz WarLE and 
J. VAN DE VELDE. (Department of Physiology, Ghent) 


The parietal pericardium has no sensitive innervation as was demon- 
strated physiologically or by experimental surgery by several authors. 
The pericardium being much stronger than the myocardium itself seems 
to be a protection against an excessive distension of the heart walls. The 
question of sensitiveness of the epicardium is still discussed, The first 
observation on the subject was made by Harvey ona man witha thoracic 
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wound. A part of the thoracic wall had disappeared and the 
be touched directly. No sensation was ever felt aren 

Wooldridge in 1883 tried to isolate nerves on the surface of the 
heart, but he could not get any constant result by electrical stimulation. 

Then, during several years, experimental work was continued and, in 
1922-5, W. Felix, operating on dogs with open chest, showed that cocaini- 
zation of the epicardium was without effect. 

Our experiments were made without artificial respiration, and without 
alteration of the intrathoracic pressure. We made but a very small 
opening in the thoracic wall (just enough to guide a needle into the peri- 
cardial cavity). Then we closed rapidly the opening, insuring a quick 
return to normal respiration. We then injected an emulsion of an oily 
solution of anesthesin (anwsthesin has no general toxic effect and is 
much more selective for sensory nerves). 

After such an anesthesia, the heart rate was accelerated by suppres- 
sion of the expiratory vagal moderating effect. On the other hand, when 
the chest wall was only opened and closed, or when adrenaline, atropine, 
or pilocarpine was injected, the heart rate remained unchanged. This 
means that these drugs have no action on the pericardium. 

In other control experiments we noted that the efferent electrical 
stimulation of the vagus still moderated the heart rate; that on a dog 
deprived of his sinus nerves, the Cyon nerves departing from the heart 
were also partly anesthetized and a rise of pressure determined but a 
light tonic vagus influence on the heart rate; that the Bain bridge reflex 
still existed. From all this we conclude that the anesthesia influences the 
receptors of centripetal nerves, thus inducing the vagal expiratory heart 
moderation. 

These epicardic receptors are stimulated by changes of the intra- 
thoracic pressure since the intra-auricular and the intra-ventricular 
pressure have no action. Only the increase of pressure in the big veins 
(and those afferent nerves seem hardly touched by the anesthetic) 
induces heart acceleration: this is the Bainbridge reflex, acting as an 
antagonist to the vagal moderation. | 

The vagal respiratory moderating tonic effect, already produced as a 
reflex by the carotid sinus, the Cyon nerve, and probably by pulmonary 
stimulation, is also partly produced by the epicardium on stimulation 


by intrathoracic pressure. 
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Chronic hypertension in dogs during the oral administration 
of vitamin D,. By H. Hanpovsxy. (J. F. Heymans Institute of 
Pharmacology and Therapeutics, Ghent) 


Calciferol in Arachisoil was administered by mouth to healthy dogs, 
1-3 years old, and the blood pressure was registered at intervals by arterial 
puncture; in trained animals the blood pressure is not disturbed by this 
manipulation. 

Appelrot [1933] fed dogs with vitamin D, (Vigantol), 70-90y/kg. 
per day, and noticed an average elevation of the animal’s blood pressure 
of 36-6 mm. Hg after 25 days’ treatment. In our experiments small doses 
(50-70y/kg. per day) only occasionally were followed by slight elevation 
of the blood pressure. In five dogs, conspicuous elevation of the pressure 
occurred after 10 days’ administration of 110-230y/kg. per day (see 
Table I, dog 19, fed with 110y/kg. per day). Rise in the blood pressure 
to 190 and 208 mm. Hg was observed in three other dogs treated with 
550-720y/kg. per day (see Table I, dog 23, fed with 600y/kg. per day). 
Doses larger than these were not employed for these experiments because 
of the toxic effect of the substance. In dog 19 (see Table I) the blood 
pressure remained elevated during 80 days. When the feeding of vitamin 
D, was discontinued the blood pressure gradually fell. 


TaBxLE I, Blood pressure of dogs 19 and 23 treated with vitamin D, (see text). 


Days 
mm. Hg 
Dog 19 135 162 — 166 174 #166 «#29175 
Days 
mm. Hg 


Dog 19 185 187 190 198 195 200 192 
Dog 23 200 200 205 206 


200 

The dogs exhibited other phenomena, which may be related to the 
hypertension. (1) A thyreotropic effect was produced, as shown by micro- 
scopic changes in the thyroid gland [Goormaghtigh & Handovsky, 
1935a]. These changes are consistent with the findings of Reed et al. 
1933, 1934, 1936] who measured the basal metabolic rates of such dogs. 
(2) Hypertrophy of smooth muscle fibres in the media of arterioles of 
different organs (kidney, spleen, intestine, etc.) appeared some days after 
the beginning of the vitamin D, treatment [Goormaghtigh, 19355], 
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a change which suggests that the hypertension may be produced by 
augmented tone of the hypertrophic smooth musole fibres, (3) When the 
dogs were narcotized with chloralosane they exhibited a more sensitive 
hypertensive response to adrenaline. Cannon & Lymon [1913] found 
that ly/kg. was the smallest dose of adrenaline capable of provoking a 
rise of blood pressure in the narcotized dog. We have also found the same 
effect in dogs narcotized with chloralosane, but in a large series of normal 
dogs we occasionally found elevation with smaller doses: in four dogs 
0-ly/kg., and in one dog 0-05y/kg. of adrenaline caused a rise of blood 
pressure. In our nine experimental dogs fed with 100-720y/kg. per day of 
vitamin D,, a rise of blood pressure (under chloralosane narcosis) was 
observed following injections of adrenaline in doses of 0-0005, 0-0005, 
0-003, 0-005, 0-005, 0-02, 0-04, 0-05 and 0-ly/kg. 

It may be that, under the vitamin D, treatment, the increased sensi- 
tivity of dogs to adrenaline is responsible for their development of hyper- 
tension, but the real mechanism is not yet clear. It is evident, however, 
that administration of vitamin D,, in the doses described above, is 
accompanied by arterial hypertension during the period of administration 
of the substance, a chronic hypertension like that provoked by cutting of 
buffer nerves or by ischemia of the kidney. | 
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The heterogeneous structure of the arteriolar media. By 
N. Goormacuticn. (Department of Pathology, University of Ghent) 


Recent investigations on the structure of normal and pathologica] 
arterioles have drawn our attention to the fact that, contrary to the 
classic conception, the arteriolar media contains two types of cells: (a) the 
small smooth muscle cell with its marginal myofibrils, (6) the afibrillar 
leiomyoblast. The latter can be described as a large mono- or often 
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binuclear epithelioid element whose protoplasm is devoid of myofibrils, 
but shows after appropriate fixation mitochondrial granules. Its mor- 
phology is identical with that of the large clear cells of the wall of the 
arteriovenous anastomoses [Clara, 1927], of the glomi of the skin 
[Grosser, 1902; Masson, 1937] and of the glomus coccygeum [Schu- 
macher, 1907]. More elongated cells with large ovoid nuclei and very 
few myofibrils form transitional stages towards the smooth muscle cell 
type 


These afibrillar, or paucifibrillar, cells are observed either under the 
intima or at the surface of the media; they form small bundles near the 
arteriolar bifurcations and close to the place of capillarization. Round the 
distal extremity of the vas afferens in connexion with the vascular pole of 
the glomerulus they form a ring-shaped structure. Our earlier investiga- 
tions [1932] on this cell complex, first identified by Ruyter [1925] and 
analysed later by Oberling [1927], Goormaghtigh [1932] and 
Zimmermann [1933], have enabled us to recognize the afibrillar cells at 
other sites in the arteriolar media. 

We found that these two types of cells react differently to nocive 
agents. In acute scarlet fever, eclampsia gravidarum and D-hyper- 
vitaminized dogs (adequate dosage) the contractile elements de- 
generate while the afibrillar, less contractile cells become hypertrophic 
[1937]. 

The close resemblance of these afibrillar cells with those of the a.v. 
anastomoses and glomi gives us a hint of their physiological significance. 
The glomic structures of the skin control the local blood distribution 
[Masson, 1937]; as the result of the arrangement of their loops and of the 
mode of connexion of the latter with arteries and veins, they make it 
possible for the blood to circulate either through the capillary net or to 
avoid it. Clark & Clark [1934] observed, in vivo, alternating opening 
and closing of the arterio-venous glomi. 

By analogy, it must be assumed that the juxta glomerular arterial 
segment, mentioned above, intervenes in the eventual exclusion of the 
capillary loops of the glomerulus. 

Much has already been written about the mechanism by which the 
afibrillar leiomyoblasts regulate the local circulation (Clara, 1927; 
Masson, 1937], but nothing definite is known. 

Clark & Clark [1934] proved that a.v. anastomoses and arterioles 
show, in common with the heart, to a variable extent, excitability, 
rhythmic contraction and conduction of the contraction wave[Sandison, 
1932]. In the heart, these functions are, for the greater part, taken over 
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by @ tissue that has Joust its myofibrils (nodal tissue and His bundle), In 
A.V. anastomoses and glomi, analogous afibrillar cells are predominant. 
In arterioles, comparatively less sensitive and possessing a slower rhythm 
of contraction, these afibrillar cells are less numerous except at the sites 
of capillarization but they form small bundles and even nodes at the 
vascular pole of the glomerulus. 

Consequently the arteriolar afibrillar cells can, to a certain extent, be 
compared with the nodal tissue and the bundle of His. There must be, 
however, differences between the two tissues since the rhythm of arteriolar 
contraction is more erratic and more liable to minor local interferences. 

We do not know yet how the afibrillar cells are influenced. The sub- 
intimal position suggests their sensitiveness to variations of the blood 
pressure; the superficial position suggests that they may react to cir- 
culatory variations in the surrounding parenchyma. In the kidney the 
constant anatomical connexion of the renal tubule with the juxta- 
glomerular arterial cell group shows that glomerular circulation might be 
controlled by the latter structure: an assumption supported by the study 
of pathological kidneys [Goormaghtigh, 1937]. 
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Adrenaline, adrenalone and mean bleeding time. By G. Dzrovaux 
and J. Rosxam. (Department of Medical Pathology, Unwersity in 
Liége) 

One of us [Roskam, 1933] devised a technique for measuring the 
bleeding time under running water at constant temperature and pH. The 


mean of twenty bleeding times thus registered on one of the ears of a 
rabbit, if included between 2 min. 10sec. and 4 min., will be the same on 


the other ear with an approximation of + = oa n representing the 


number of the animals experimented on [Pauwen & Roskam, 1937]. 
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This correlation between the mean bleeding times of the two ears in 
the rabbit has enabled us to study the arrest of haemorrhage under 
_ physiopathological conditions and after the use of hemostatics. 

For instance, it was demonstrated that bleeding time is shortened after 
the intravenous injection of blood-platelets extract, cephalin, post-hypo- 
physeal extract [Roskam, 1937], adrenalone, pecten [Derouaux, 1937] 
and by stimulation of the sympathetic nerve [Roskam, 1934]. It is 
lengthened after the intravenous injection of certain drugs supposed to be 
hemostatic [Roskam, 1937], also after extirpation of the sympathetic 
nerve [Roskam, 1934] and after a sufficient hemorrhage, quick or slow. 
Shortening occurs however in the case of convulsions caused by an 
excessive loss of blood [Roskam, 1935]. 

One of us [Roskam, 1937] observed that intravenous injection of 
adrenaline increases the mean bleeding time. Derouaux [1937] noticed 
an opposite action of adrenalone. Does this difference depend on the 
nature of the drugs or on the dose injected ? 

The same observer, G. Derouaux, verified at first Roskam’s obser- 
vations. After intravenous injections of 10, 15, 20y or 25y of adrenal- 
ine, repeated immediately before measuring each series of five bleeding 
times, he noted the following increases of the mean bleeding time: +32 
+48, +11, +60, +74, +4, +64, +78, +68 sec.; mean, +49 sec. 

After an intravenous injection of 30 of adrenalone, he had observed 
previously the following decreases of the mean bleeding time: 


After 15 min. —117, —91, — 52, —103 sec.; mean, —91 sec. 
After 30 min. —101, —68, — 63, — 98 sec.; mean, —82 sec. 
After 60 min. — 56, —59, —101, — 84 sec.; mean, —75 sec. 
After6hr. — 20, —44, — 26, — 15 sec.; mean, —26 sec. 


Bacq [1937] having proved on the nictitating membrane that adrenal- 
one is seventy-five times less active than adrenaline, the dose of the latter 
substance injected only once before measuring the twenty bleeding times 
was reduced to ly. 


; Poe these conditions, the bleeding time was shortened by adrenaline as 
ollows: 


After 15 min. —112, —65, —58, —56 sec.; mean, —73 sec. 
After 30 min. — 69, —45, —84, —63 sec.; mean, —65 sec. 
After 60 min. — 90, —82, —62, —62 sec.; mean, —76 sec. 
After 6hr. -— 59, —48, — 2, —36 sec.; mean, —39 sec. 


We may conclude that adrenaline and adrenalone at certain doses 
exercise both an important and strikingly prolonged hemostatic action. 
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Adrenaline may lose that favourable action on the arrest of hemorrhage 
if the dose injected is sufficient. 
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On the sedimentation rate of maternal and neonatal blood. By R. 
BocaErt. (Laboratory of General Pathology, University of Louvain) 
The difference between the sedimentation rates of the blood of a 
mother and of a child at birth is very striking. The average rates are 
21 mm. per hour and 2 mm. per hour (Westergreen) respectively. No 
explanation has yet been advanced for this observation. 

Leffkowitz [1936] has suggested that the difference is due to poly- 
cythemia of the infant. Furthermore, a possible difference in the pro- 
perties of the hemoglobin may have some bearing on the phenomenon. 
The following experiments prove that it is a question of different pro- 
perties of the sera. (The blood of the child which is referred to in this paper 
is the blood obtained by puncture of the umbilical cord.) 

Actually we have determined the sedimentation rates of red cells of 
the mother, in the plasma of the mother and of the child. 

The following results were obtained (Westergreen): 


I. Sedimentation rate of red cells of the mother (0-5 c.c. of red cells) 
In A. 1 c.c, plasma of the mother 23 mm. 


B. 1 c.c. plasma of the child 2 mm. 
C. 0-5 c.c. plasma of the mother 
0-5 c.c. plasma of the child 8 mm, 


II. Sedimentation of red cells of the child (0-5 c.c. of red cells) 


In A. 1 ¢.c, plasma of the mother 31 mm. 
B. 1 c.c. plasma of the child 2 mm. 
C. 0-5 c.c. plasma of the mother 7 mm. 

0-5 c.c. plasma of the child 


It is clear that there exists between the plasma of the mother and of 
the child a considerable difference which is marked by the stability of red 
cells in the plasma of the new-born child, 

The factors which determine the sedimentation rate are diverse. 
Certainly the cholesterol content which is decidedly different in the 
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mother and infant is a serious possibility. Indeed, the analyses of three 
samples of sera from new-born babies employed in these experiments 
have shown a maximum of 40 mg. of cholesterol per 100 c.c. of serum. 
Another possible factor is the content of globulin. It is always less in the 
new-born child than in the mother. However, we feel that certain sub- 
stances which have a hemolytic action insufficiently compensated are 
responsible particularly in view of the researches of Bergenhem & 
Fahraeus [1936]. 
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On the antihemolytic action of normal serum. By R. Bocazrr. 
(Laboratory of General Pathology, University of Louvain) | 
Hampson [1929] has demonstrated the very beneficial results of 
injections of serum from the mother in cases of grave familial jaundice of 
the new-born. In view of the studies of Frieboes [1914], Brinkman 
[1922] and Ponder [1933] and principally of Bergenhem & Fahraeus 
[1936] we thought it desirable to investigate the inhibitory action or 
serum on the hemolytic properties of substances extracted from serum. 
Bergenhem and Fahraeus extracted from horse serum, stored 
several hours at 39°, a stabilizing and hemolytic substance the properties 
of which are very similar to those of lysolecithine. We have succeeded in 
ing an analogous extract from human serum. 
70 c.c. of fresh human serum, which had been stored at 39° for 
17 hours were mixed with 700 c.c. of alcohol (94°), and filtered. After 
half an hour this filtrate was evaporated in vacuo at 39° and the residue 
dissolved in 40 c.c, of alcohol at 94°. To 10 c.c. of this solution were 
added 60 c.c. of ether and the solution stored for 10 hours in an ice chest- 
After centrifugation, a yellowish precipitate separated from the clear 
supernatant liquid which was decanted. The precipitate was quickly dried 
at room temperature and dissolved in the physiological buffered solution, 
which had the following composition in all of our experiments: 
NaCl 9°/,. 98 c.c. 
Na, HPO, 2 aq. 16-30°/,. 9 
KH,PO, 2-18 
1 c.c, of this extract was equivalent to 3 c.c. of the original serum. 


In Table I is reported the experiment which demonstrates the 


hemolytic action of our extract. 
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I 
4 0.0, Ors 5 p.c. (0.c.) Degree of hemolysis at 37° 
Up to 0-1 Hemolysis immediately 
0-1 complete after 30 min. 
» 0-1 55 p.c. after 1 hr. 
” ” 30 p.c. after 1 hr. 
4 vy ” 1-1 0 ] hr. 
4 Red cells: Fresh blood immediatly in ghysleingheid tal solution to which had been 
: eee Le oxalate washed five times by centrifugation, then 
p-c. 


This hemolytic extract exerts an inhibitory action on the sedimenta- 
tion rate of red cells in human plasma. The plasma involved was taken 
from an individual with an acute suppuration and was characterized by 
a sedimentation rate of 18 mm. per 10 min. (Linzenmeyer). 10.0. of 
citrate blood were centrifuged to yield 3 c.c. of red cells +7 c.c. of plasma. 
» After three washings with physiological solution 2 c.c. of the red cells 
were mixed with 6 c.c, of plasma. This mixture is referred to as ‘‘ blood” 
» in the third column of Table II. Various samples were studied in the 
presence of different concentrations of the hemolytic substance. 


II 
in mm. 
(Westergreen) 

Extract Physiol. solution Blood A 
l hr 2 hr. 
4 0 1 1-5 70 124 

15 50 93 
15 33 58 
15 15 29 

1-5 6 14 


The extract prepared from human serum exerts a considerable 
stabilizing influence on the red cells just as do lysolecithine and the 


> Fahraeus and Bergenhem horse-serum extract. The nature of the a 
> active principle in these extracts remains as yet to be ascertained. 4 
L3 In a third series of experiments we have established that human 
serum inhibits the hemolytic action of the extract. 
Extract Physiol. solution Serum* Red cells 
0.0. 5 p.c. (c.c.) After 1 hr. at 37° 
Up 1 0-1 No hemolysis 
0-1 0-1 ” 
vy ait 0-1 0-1 

‘ * Serum from a normal individual; blood was taken 16 hours besoes. The extract 


employed is identical with that involved in T 
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Discussion. Many substances may be responsible for this inhibiting 
action. Furthermore, this antihemolytic power will not be the same for 
all sera. Preliminary studies have shown that the serum of new-born 
babies has an antihemolytic action decidedly inferior to that of normal 
adult serum. Investigations now in progress are designed to establish the 
causes of the antihwmolytic properties of serum as they are evidenced 
especially during the course of hemolytic crises such as characterize the 
new-born. The base of the therapy of Hampson in grave familial 
jaundice of the new-born will enable us to elucidate various aspects of 
the hemolytic equilibrium under physiological and pathological con- 
ditions. 
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The excretion of inorganic phosphate in the heart-lung- 
kidney preparations. By L. Brut. 


Phosphorus is a threshold substance; the level of its threshold is 
variable [Brull, 1927, 1928]. Variations or interruptions of P output 
depend merely on changes of this level. 

Starling & Verney (1925) stated that the u.L.K. preparation with 
defibrinated blood does not concentrate phosphate. Eichholz & 
Starling’s experiments [1925] show that this is not due to a disability 
of the kidney, since injected phosphates are concentrated. Their hypo- 
thesis of the non-excretion of phosphate being due to the formation of 
colloidal calcium phosphate was not confirmed by vivi-ultra-filtration 
experiments [Brull, 1930]. Colloidal calcium phosphate may occur 
when the Ca x P product reaches 100, but under all other conditions the 
threshold depends on the kidney itself [for references see Brull, 19366). 

The problem to be solved is: why the threshold is so high in the 
H.L.K. preparation. 


1, Experiments with a new H.L.K. preparation with coagulable blood 
[Brull, 1936] have shown that defibrination is not the origin of thishigh 
threshold. 
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2. Inthe whole animal injection of parathormone lowers the threshold 
by direct action on the kidney [Brull, 1936c]. 

3. Removal of the pituitary abolishes the effect of parathormone 
[Brull, 1937]. It seems therefore that parathormone and pituitary 
secretion both influence the P threshold in the same direction. 

4. The high threshold for P in the u.1.x. preparations is probably 
due to the lack of parathyroid and pituitary hormones, The interfering 
pituitary principle is neither pituitrin, thyreotropic, nor gonadotropic 
hormone. Parathormone alone or associated with these hormones is 
unable to restore P concentration in the u.t.x. We have not yet 
identified the active pituitary principle. 
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Histological continuities and mutations. By H. pz WrmntwaRTERr. 

The branchial derivatives (thymus, parathyroid bodies and ultimo- 
branchial body) and the thyroid gland have each a characteristic structure 
together with a defined function. Nevertheless, these organs often exhibit 
histological continuities, showing imperceptible shift from one structure 
to the other. These continuities are not embryological remains, but 
secondary and often post-natal formations. 

Furthermore, we have discovered that each organ of the series is 
capable of building islets of tissue having the characteristic structure of 
- one of the other organs. Thus the thyroid gland forms thymic or para- 

thyroid bodies, sometimes in large numbers; similarly the thymus builds 
parathyroid bodies even in its intrathoracic portions, etc. 

If histological continuities are inexplicable, the mutations are still 
more puzzling, at any rate from a physiological point of view. We think 
that these facts ought to be taken into consideration by physiologists 
and even clinicians. 

e2 


= 


i,” 
4 
REFERENCES 
4 
ae 
- 
ii 
2 
4 
‘a 


72P PROCEEDINGS OF THE PHYSIOLOGICAL 


Problems of plant growth. By G. L. Funxe. 
(Botanical Institute, Ghent) 


A few years ago we knew that phytohormones were the cause of cell 
elongation, and it seemed that this was sufficient to explain rather easily 
phenomena such as longitudinal growth, phototropic and geotropic 
curvatures, etc. Since then we have come to the knowledge that this 
matter is infinitely more complicated. The action of growth substances 
is manifold; it includes (1) cell elongation in the shoot; (2) inhibition of 
the development in the lateral buds; (3) inhibition of root elongation ; 
(4) stimulation of cambial activity; (5) formation of lateral roots. 
Moreover, plants do not always react in the same way to the same 
quantity of auxin under the same circumstances, and besides the three 
classical phytohormones (auxin A and B, heteroauxin) there are other 
substances which can replace them, at least to a certain extent. 

Experiments carried out in my laboratory have added some more 
riddles to these problems. 

Raphanus sativus, cultivated in dry and moist air, gave the following 
results: stems, and cells in the same degree, are longer in saturated air, 
but they produce only half as much growth substance as those in dry air. 
This species does not inactivate its own auxin. The osmotic pressure of 
the cells in the humid air is the same as those in dry air, but the plasticity 
and elasticity of the cell walls are greater. The stronger longitudinal 
growth in a saturated atmosphere in this case may certainly not be 
attributed to the action of phytohormones only. 

When water plants with adult floating leaf blades are put into deep 
water, the petioles start growing anew till the blades have reached the 
surface again. Many species have been investigated, of which Victoria 
regia was the most interesting. The first leaves of young specimens have 
a remarkable capacity of growth which may be illustrated by the 
following examples: in 48 hours petioles grew out from 9 to 68, 11 to 73, 
and 12 to 77 cm. When registrated on an auxanometer, growth appears 
to be very regular and to slow down when the leaf blade is nearing the 
surface 


During this process cells reach enormous lengths; from 40 to 50 micra 
they stretch up to 300, 400 and even to more than 500 micra. Osmotic 
pressure is lowered from the equivalent of 0-4 mol. saccharose to less 
than 0-2 mol. saccharose. The presence of growth substance could not be 
demonstrated or only in doubtful quantities. 
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This year experiments are being done on Limnanthemum nympheoides 
Lk, Thisspecies shows also an enormouscapacity 
of longitudinal growth: elongation of the petiole ‘o} 
in 48 hours from 30 to 102 cm., in 30 hours from 
12 to 46 cm., 17 mm. per hour during 10 hours, 
etc. Light conditions (continuous light or 
darkness, alternately light and darkness) have 
no influence whatever on the growth of 
Victoria regia. Whether this is also the case 
with Limnanthemum is not yet quite sure, but 
it may be stated that these conditions are of 
no importance when compared with the in- 
fluence of the depth of the water layer. 

One instance of a record on the auxano- ,° ? | 
meter is given in the figure; it is of a petiole Aaa ah ea 
which in 21 hours has grown from 20 to 40cm.; 
the horizontal lines mark quarters of an hour, the vertical lines the growth 
per 15 min.; every sixth quarter of an hour is marked extra, so that we 
have per 14 hour from midday on 3 May till 9 a.m. on 4 May: 


mm.; 
a total of 199 mm. in 21 hours. 

Sometimes growth is retarded when the surface is reached ; sometimes 
it continues at the same rate for 15 cm. and more, the petiole in that case 
meandering under the surface. 

Leaves of one individual specimen react very differently ; the youngest 
one shows the strongest growth, provided that the blade has unfolded; 
older ones grow more feebly or hardly at all, although they still look 
young and fresh. 

Since the cells, in rapidly elongated petioles, are only slightly longer 
than in those which have remained in the shallow water, growth must be 
attributed chiefly to cell division. The osmotic pressure is not lowered 
during the growth process. These two latter features are quite different 
from what we have seen in Victoria regia, but again we may state that 
the very rapid longitudinal growth of the petioles of Limnanthemum 
nympheoides cannot be attributed exclusively, if at all, to the action of 
auxins, 


Funke, G. L. (1934). Natwurwet. Tijdschr. 16, 47, 245. 
Gorter, C. J. & Funke, G. L. (1937). Planta, 26, 532. 
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Influence of prolonged and repeated inhalations of carbonic 
acid on the blood and diuresis. By M. Anpri, J. Banrzin, 
R. Cuaruier, L. L. Demanez and M. TawastTstJERNA 


Three subjects inhaled 1 litre or 1} litres of carbon dioxide per min., 
1 hour a day, during 20, 30 and 50 days respectively. 

As L. Dautrebande et al. [1936] noticed, there was an increase in 
the percentage of hemoglobin (5-0 p.c.) from the first days of the 
experiment, and a progressive decrease in the number of red corpuscles 
which reached about 5 p.c. (from 4,220,000 to 3,990,000) at the end of 
the first week. This was the cause of a marked hyperchromia (about 
10 p.c.). 

without any important changes, ic. a mean increase of 42 p.c. in 
hemoglobin and a mean decrease of 4-5 p.c. in red corpuscles (thirty-nine 
observations). During the days following the end of the experiments 
the number of red corpuscles became normal again, but the hemoglobin 
remained high during several weeks. Hyperchromia persists therefore 
after the treatment. The decrease in the number of erythrocytes cannot 
be attributed to a toxic action of CO, on the red corpuscles, or on the 
heemopoiesis (cell resistance remains normal as also the number of 
reticulocytes), and can, therefore, only be relative (through a dilution of 
red corpuscles or an increase of the blood mass), As a matter of fact the 
hematocrit method revealed the ratio Cell volume/Total blood falls about 
5 p.c. (39°3-37°1 p.c.), parallel to the number of red corpuscles, after the 
first week of the treatment; it resumed its original value after cessation 
of carbon dioxide inhalations at the same time as the number of erythro- 
cytes became normal again, ! 

During the same series of experiments, we also noted the volume, 
total acidity, ammonia and phosphates of the urine. The urine of 24 hours 
was examined. After an increase of 60, 50 and 30 p.c. respectively of 
their value during the first 5 or 6 days, these three last quantities rapidly 
resumed their initial level during the following weeks: as a matter of fact, 
one of thesubjects, submitted to this treatment, showed a lowered total acid- 
ity. There was also practically no modification in the ratio N NH,/N urea 
during the whole treatment. On the other hand, the 24-hour 
urinary volume increased from 11 to 57 p.c. (twenty-six observations). 
On four subjects we also examined the urine passed during the daily 
“inhalation hour” itself. Diuresis went up by 24, 30, 125 and 126 p.c. 
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(mean values of twenty-eight observations). At the same time the 
density of the urine went down, as also the percentage of chlorides. 
Although the arterial pressure did not increase in any noticeable 
manner during the inhalation of CO, and on account of the combined 
effect of the vaso-dilating action produced by carbon dioxide and of the 
increase of the plasma volume, as indicated by the hematocrit readings, 
one may infer that the increase in diuresis is probably due to the passage, 


in @ given time, of a larger plasma mass into the unusually numerous, 
distended glomeruli. 


Dautrebande, L., Tomaszewski, W., Oszacki, J. & Dumoulin, E. (1936). C. R. Soc. 
Biol., Paris, 123, 1240. 


Evolution of excitatory disturbance in electrical stimulation 
of tissues. By J. P. Bovcxarrt and J. Cotte. (Physiological 
Laboratory, Louvain) 


When an electrical current passes through a tissue an excitatory 
disturbance is set up. In order to know the evolution of this excitatory 
disturbance for any given current we should know the evolution of the 
disturbance set up by an infinitely small current, di, lasting for an 
infinitely short time, dt. Let us call, following the notation of Dubois 
Raymond, edt the value of the excitatory disturbance set up by a 
current of intensity di and duration dt, and 7 the value of the disturbance 
produced by acurrent of given intensity and duration. We have previously 
[Colle, 1934a, 6; Bouckaert & Colle, 1934] published a series of 
experiments which allowed us to calculate the values of ¢ and 7 in function 
of time. 

It may be interesting to compare the evolution in time of 7, as 
deduced from our experiments, with the evolution in time of 7, as 
calculated from the recent theory of A. V. Hill [1935-6]. Following 
Hill’s theory, what we call 7 is (U,—V.)-—(U—V). This value is also 
identical with the value called “Etat d’excitation” by Monnier [1934]. 

In our previous experiments we showed that it was possible to inhibit 
the exciting effect of a threshold constant current pulse by a second 
current pulse following closely the first one, and given in the opposite 
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direction. This led us to assume that the value of 7 has not reached its 
maximum at the break of the first current pulse, but that this value 
still increases for some time afterwards. On the contrary, it may 
easily be shown that, following Hill's theory, 7 decreases in any case 
immediately after the break of the exciting current. 

The discrepancies between the theory and our experimental results 
led us to investigate this question thoroughly. We had first to make sure 
that no deformation of the exciting current occurred in the electrical 
circuit. The non-polarizable electrodes used were of three different types: 
silver chloride wires, calomel half-cells, and platinum FeCl,—FeCl, 
electrodes. All these electrodes were tested under the most severe 
conditions, and all of them proved to be quite reliable. The circuit was 
further tested by the cathode-ray oscillograph recording the potential 
differences at the electrodes, and in other cases recording the current 
flowing through the electrodes. These different tests proved that no 
appreciable deformation of the exciting current occurred. There seems 
thus to be no doubt that our experimental results are not due to an 
artefact. It is, however, possible to give a different theoretical interpreta- 
tion of those results. One might in fact suggest that the inhibition, 
following the current pulse of opposite direction, is due to an anelectrotonic 
conductivity blockage. This hypothesis can be experimentally disproved. 
If the inhibition were due to a conductivity blockage, it should be 
possible to inhibit, just as easily, a threshold current of any duration; 
the conducted disturbance occurring in the same way for any current the 
moment the threshold is reached. | 

In a series of experiments on the frog’s isolated ventricle constant 
current pulses 5 p.c. above threshold value and of various duration were 
given. The maximum interval of time between the end of the exciting 
current and the beginning of the inhibiting current was determined. In 
every case we found that this interval increases regularly when the duration 
of the exciting current decreases. For instance, with an exciting current 
of 20 msec. the maximum interval is 0-44 msec., while for an exciting 
current of 0-21 msec. the interval increases to 2-7 msec. These results 
allow us to discard the hypothesis of a conductivity blockage. On the 
other hand these experiments are quite consistent with our previous 
results, showing that the maximum value of n lags behind the break of 
the constant current pulse, and that the interval between the maximum 

value of » and the break of the constant current pulse increases when the 
duration of the exciting current decreases. For an instantaneous current 
pulse this interval will be maximum and so ¢ will not reach its maximum 
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value initially, but a certain time after the current of intensity di and 
duration dt has passed. 
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in the open nephrons of Xenopus levis. By 

R. Cornprer and P. Gérarp. (Laboratory of Histology, Brussels 

University Medical School) 

The vertebrate kidney may present two types of glomerular nephrons, 
known as open and closed nephrons. The open nephron is directly 
connected with the peritoneal cavity by a peritoneal duct, opening into 
the neck of the glomerulus. In the closed nephrons—the most usual type 
—this anatomical peculiarity is lacking. 

Beside the pronephros, open nephrons are only found in the meso- 
nephros of Amphibia, In Urodeles, closed and open nephrons co-exist 
in the same kidney. 

The anuran kidney, on the contrary, was generally considered as 
formed of closed nephrons only, even in the larval stage. 

We have already shown [1934] that, in the larval mesonephros, this 
opinion is not correct for all species of anurans. The larve of Discoglossus 
and Alytes, indeed, possess, until metamorphosis, open mesonephric 
nephrons which become closed at that period by the loss of the peritoneal 
connexion. The existence of the peritoneal duct allows the passage into 
the lumen of the nephron, of several colloidal solutions or even suspensions, 
which are unable to pass the glomerulus on account of the size of their 
particles. After intraperitoneal injection, these substances penetrate the 
peritoneal duct to reach directly the tubules, whose resorptive power can, 
by this means, easily be tested. We could demonstrate by this method 

that the proximal convoluted tubule in the larval Discoglossus and 
Alytes is able to resorb and to store in its cells, not only low dispersed 
colloids, but even visible particles (soluble Prussian blue, Indian ink, 
melanine and cinnabar). Not only substances without physiological 
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significance, as those cited above, are thus resorbed: the same happens 
after intraperitoneal injection of substances normally present in the 
blood (cholesterol, serins and globulins) but which do not pass into the 
glomerular filtrate on account of their low dispersion. 

In the two anuran species used in these experiments, metamorphosis 
closes all nephrons; the athrophagocytic potentialities of the tubules are 
henceforth limited to the resorption and storage of such substances which 
can reach the tubule cells by the glomerular way. 

Recently, Kunst showed that in at least one species of anurans, 

Xenopus, open nephrons occur in the adult mesonephros. In order to 
ascertain if the athrophagocytic power of the tubules entirely persists 
in the adult anuran, we injected into the peritoneal cavity of several 
Xenopus a number of colloidal solutions and suspensions [colloidal thorium 
oxide (thorotrast), soluble Prussian blue, Indian ink, melanine and 
cinnabar]. As was expected, all these substances are resorbed and stored, 
in granular form, by the cells of the proximal tubule. Moreover, certain 
observations we made previously on the localization of the athrophago- 
cytic potentialities along the proximal convoluted tubules, in the larval 
open nephrons, could be entirely confirmed in this adult open nephron. 
We have shown that the athrocytosis of colloidal substances reaches its 
maximum at a certain level of the tubule, this point being the more 
removed from the glomerulus, the lower the dispersion of the substance. 
In Xenopus we observed the same shifting of the maximum of athrocytosis 
according to the particulate dimensions of the substances injected. High 
dispersed dyes as trypanblau and chlorantine Lumiére green are stored in 
the initial portions of the tubule; thorotrast and Prussian blue are to 
be found inthe middle portions, while large particles (Indian ink, melanine 
and cinnabar) fill only the most distal parts of the tubule. 

These observations entitle us to postulate the existence, along the 
proximal convoluted tubule, of a permeability gradient, the apical 
permeability of the cells increasing from the initial to the distal end of 
the tubule. 

’ Wherever an open nephron exists, its general athrophagocytic 
potentialities are identical. Therefore, it is very likely that the closed 
nephron is endowed with an equal athrophagocytic power, although, in 
normal conditions, this power is restricted to the high dispersed colloids 
which can pass the glomerulus by filtration. 


REFERENCE 
Gérard, P. & Cordier, R. (1934). Z. Zellforech. 21, 1. 
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Athrophagocytosis in the closed nephrons of Bufo vulgaris 
following intraglomerular injection. By L. Lison. (Laboratory 
of Histology, Brussels University Medical School) 


It has been shown previously that open nephrons (i.e. nephrons which 
possess a direct communication with the peritoneal cavity through a 
peritoneal duct) can store in granular form colloids of medium or low 
dispersion, or even particles of visible size (Urodeles: Salamandra 
[Lambert], Necturus [Dawson]. Anurans: larva of Alytes and Disco- 
glossus (Gérard & Cordier)). 

These substances cannot pass the glomerular filter, but enter the 
tubule by the way of the peritoneal duct. It was postulated [Gérard 
& Cordier] that a general property of the cells of the proximal convoluted 
tubules—those of closed as well as of open nephrons—is to resorb and 
store all colloids and even suspensoids brought into contact with their 
apical pole. However, owing to the impermeability of the glomerulus 
for substances of low dispersion, no direct evidence of this has been given 
for the closed nephrons. 

In order to test the athrophagocytic power of the cells of a closed 
nephron for such substances, it is necessary to introduce them into the 
tubule. This has been carried out in the common toad (Bufo vulgaris) by 
intraglomerular injection. 

The following substances, dissolved or suspended in Ringer fluid, 
were injected into the glomerular cavity: diamine green B (radius of the 
particles: 50-100 A.),1 soluble Prussian blue (115 A.), Indian ink Pelikan 
541 (ca. 1000 A.), sepia melanine (> 1200 A.), cinnabar (> 1200 A.). The 
renal arteries were in most cases tied off to prevent the glomerular filtrate 
carrying away the injected particles. 

The kidney was examined 1-2 days after the injection. In all cases 
it was observed that the colloid or the suspensoid injected into the 
tubule was absorbed by the cells of the proximal convoluted tubule 
and stored in granular form. No granules were present in the cells 
of the distal tubule, although the injected substance was greatly 
concentrated in its lumen, owing to the active water absorption at this 
level. 

The storage of these substances is not uniform throughout the proximal 
convoluted tubule, but is most pronounced in the distal parts of this 


1 This radius is calculated by the Einstein formula from the value of diffusion 
coefficient measured by the Nistler method. 
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segment. This is in perfect agreement with the results previously obtained 
with the same substance in open nephrons. 

The experiments related in the present paper afford evidence that the 
cells of the proximal convoluted tubule can act athrocytically towards 
colloid particles of any size, and phagocytically towards suspended 
particles, provided that these particles can reach the apical pole of the 
cells. In this respect there is no essential difference in the potentialities 
of open and closed nephrons. 
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The influence of atropine on the output of acetylcholine during 
vagus stimulation in the frog’s heart. By F. Tx. v. Briicxe. 
(From the Medical Research Institute, Hampstead) 


Although the substance liberated in the frog’s heart by stimulation 
of the vagus nerve has long been identified beyond reasonable doubt as 
acetylcholine by the classical experiments of O. Loewis, the “‘ Vagusstoff”’ 
has, until now, never been assayed on the most sensitive test object for 
acetylcholine, the dorsal muscle of the leech treated with eserine. This 
preparation ‘has, in addition to its sensitivity, the great advantage of 
being insensitive to the adrenaline-like substance liberated by the 
simultaneous excitation of the sympathetic heart nerves. 

In the present experiments an innervated preparation of the heart 
of Rana esculenta was used, perfused from a Straub cannula with Ringer’s 
solution, containing eserine in a concentration of 1:5x10°. The left 
vagus was stimulated with a tetanizing current of sufficient intensity to 
produce complete stoppage of the heart. 

In the course of these experiments, it has been found that treatment 
of the frog’s heart with atropine, in doses sufficient completely to abolish 
the effect of the vagus but too small to affect the reaction of the leech, 
regularly causes an increase in the amount of acetylcholine liberated by 
nerve stimulation. This increase is not to be attributed to the mechanical 
effect of the absence of inhibition, since driving the heart artificially 
during a normal inhibition does not increase the output. 

Fig. 1 shows these phenomena. Records 1-7 are the reactions of the 
leech and Records 8 and 9 the contractions of the heart. Records 1 and 3 
show the response of the leech to fluid collected after two 90 sec. periods 
of stimulation, during which the heart was driven artificially (Record 8). 
Record 2 shows the effect of fluid collected after a similar vagus in- 
hibition without driving the heart (Record 9). The acetylcholine output 
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in both instances was identical. Between 3 and 4, atropine in a concentra- 
tion of 1: 10* was added to the heart and washed out several times. 
Records 4, 5 and 7 show the response of the leech to samples collected 
in three subsequent 90 sec. periods of vagus stimulation, during which 
the heart was not inhibited. Record 6 shows the effect of fluid collected 


“Fig. 1. 


after 5 minutes’ contact with the heart in the absence of vagus stimula- 
tion. The output in other experiments was determined quantitatively 
in terms of acetylcholine, using the leech and the cat’s blood pressure 
and proved to be approximately double that of the period before atropine. 


Direct application of acetylcholine to motor end plates of 
voluntary muscle fibres. By Fritz Bucuruat and J. LinpHarp. 


(Laboratory for the Theory of Gymnastics, University of Copenhagen) 


Following a suggestion of Sir Henry Dale we examined the effect 

5 of acetylcholine on the lizard’s motor end plate and muscle fibre. A small 
bundle from the m. thorac. int. is prepared without injury and fixed 
between two glass clamps. Under the microscope a superficial end plate 

is located by following the fine nerve grains, and one non-polarizable 
electrode is placed on it. The other electrode is put upon the correspond- 

ing fibre. The size of the potential difference of the uninjured resting 
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system [Buchthal & Lindhard, 1934, 1935], the low threshold and 
the propagated contraction produced by a stimulus, demonstrate the 
effectiveness of indirect stimulation. 

By means of a micromanipulator a special micro-injection device 
is brought to the preparation, consisting of a fine micropipette filled with 
the liquid to be applied and of a transmission system, whereby it is 
possible to apply very small amounts of fluid. The pipette has an opening 
of about 20-50yu diameter and the amount of liquid applied to the end 
plate is 30 x 10* to 102 x 10%. On account of the time necessary for 
permeation the quantity effectively reaching the end plate through the 
sarcolemma is probably much less. The threshold dose of acetylcholine 
directly applied in this way is 5x 10-*-1-5x10-y, and produces an 
effect which can best be compared with a short, rapid, tetanic contrac- 
tion [cf. Brown, 1937]. Immediately after the application of acetyl- 
choline, indirect electrical stimulation has the same effect as before it. 
In spite of this retention of the response to electrical stimulation of the 
nerve or nerve ending, the preparation is insensitive to application of a 
second dose of acetylcholine, even in amounts which are much above the 
original threshold dose. If the preparation is washed in Ringer solution 
for about 10 min., the experiment can be repeated, acetylcholine again 
producing its effect only once, while the fibre reacts to indirect stimula- 
tion quite normally. 

Application of acetylcholine to other points on the fibre directly, in 
three to ten times higher concentrations than the threshold for the end 
plate, has no effect. In still higher doses, direct application to the fibre 
produces a slow contracture. 

In an experiment which Dr Brown kindly made for us on the gas- 
trocnemius preparation of the cat, with intact circulation, similar results 


_ were observed to those on the isolated end plate. The second and third 


close arterial injections of acetylcholine (25y), given at intervals of about 
10 sec., have considerably reduced effects, while the tension produced by 
stimulating the nerve after such an injection of acetylcholine is not 
altered. 


Brown, G. L. (1937). J. Physiol. 88, 220. 
Buchthal, F. & Lindhard, J. (1934). Skand. Arch. 70, 227, 
Buchthal, F. & Lindhard, J. (1935). Ibid, 72, 35. 
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Influence of avertin and urethane anesthesia on the action of 
eserine on skeletal muscle. By A. Scuweirzer. (Department of 
Physiology, Middlesex Hospital) 

Recently Bacq & Brown [1937] reported that in rabbits under 
avertin anesthesia (0-3g. per kg.), and in cats and rabbits under urethane 


Fig. 1. Cat 3-2kg. Avertin (0-3 g. per kg.). Atropine 8 mg. Records from above down- 
wards are: contraction of right quadriceps, stimulated once in 10 sec. through its motor 
nerve; left knee jerk elicited once in 10 sec.; blood pressure; signal line; time in 30 sec. 
Inject successively into jugular vein: (a) 1 mg. acetylcholine; no effect on quadriceps; 
slight depression of knee jerk. (b) 1 mg. eserine: rapid increase of response of quadri- 

ceps (by 300 p.c.); more gradual increase in knee jerk. (c) 1 mg. acetylcholine: marked 

temporary inhibition of both quadriceps and knee jerk. 
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anssthesia (1-5. per kg.), intravenous injection of eserine does not 
produce the usual peripheral potentiating action on the response of 
skeletal muscle to motor nerve stimulation. This finding was of interest, 
as in the experiments performed on cats under chloralose anwsthesia by 
Schweitzer & Wright [1937] on the action of eserine on somatic 
reflexes, the interpretation of the results was complicated by the fact 
that the drug produced a peripheral as well as a central stimulating 
action. It would, therefore, have been helpful to study the central 
action of eserine under conditions in which its peripheral potentiating 
action was absent. Under avertin and urethane anesthesia in both cats 
and rabbits, eserine in doses of 0-5-1-0 mg. was found to produce an 
increase in the knee jerk which usually developed somewhat more 
gradually than in the chloralosed animal (Fig. 1). Simultaneous examina- 
tion of the response of the quadriceps to motor nerve stimulation showed, 
however, that eserine produced its usual peripheral potentiating action 
and twitching. Fig. 1 also shows that, following eserine, acetylcholine 
produces its usual “curariform” action on skeletal muscle responses, 
and that its inhibitory action on the knee jerk is increased. 


Bacgq, Z. M. & Brown, G. L. (1937). J. Physiol. 89, 45. 
Schweitzer, A. & Wright, Samson (1937). Ibid, 88, 165. 


Bronchodilatation by stimulation of the phrenic nerve. 
| By J. W. THornton 


Dixon & Brodie [1903] showed that the vagus carries efferent 
bronchodilator fibres as well as, but usually in smaller numbers than, 
bronchoconstrictor fibres. 

During the course of setting up lungs for isolated perfusion experi- 
ments [Thornton, 1932] it has often been noticed that traction on the 
phrenic nerves caused sharp dilatation of the bronchi, but only if the 
lungs were left undisturbed in the thorax and their nerve supply not 
severed from the central nervous system. This only lasted a few 
minutes after the animal was killed, so that in order to investigate the 
phenomenon, it was necessary to use a method which allowed the 
medulla to survive and at the same time give sensitive records of the 
bronchi. 
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The method chosen was one (hitherto unpublished) used by the 
author in 1930 and abandoned then because of its difficult technique. 
Itconsists in using an intact animal (cat) under an intravenous anesthetic ; 
opening the thorax and applying positive artificial respiration and then 
adapting the author’s method of bronchial perfusion (loc. cit.) to one lobe 
_ of the lung without disturbing the natural blood supply or the branches 
of the vagus which run in the bronchial wall. When successful this 
combines the advantages of an intact nervous system and circulation 
with a sensitive method of direct bronchial recording. 

It has been found that faradic stimulation of the phrenic nerve just 
above the diaphragm produces bronchodilatation of a degree comparative 
to the usual bronchoconstriction that follows stimulation of the vagus 
in the neck; and even when the latter produces bronchodilatation, which 
does occasionally occur, then phrenic stimulation of the same strength 
causes more profound dilatation. 

Both these opposing actions can be shown with stimuli too weak to 
affect the blood pressure; but when stimuli are strong enough, those 
applied to the phrenic cause a rise in blood pressure, while those applied 
to the vagus cause the well-known fall, in addition to the action on the 

Confirming one’s earlier observations it has been found that broncho- 
constriction following vagus stimulation is much more rapid in its onset 
and decline under the conditions of these experiments than has been 
shown by Dixon & Brodie or by the surviving vagus lung technique. 
In one experiment recorded on a drum moving at 184 mm. per min., the 
muscular contraction commenced 2 mm, (i.e. $ sec. approx.) after the 
beginning of stimulation: In the same experiment bronchodilatation 
began in approximately the same time after the commencement of phrenic 
stimulation. In each case the mechanical response had ended 2 sec. after 
stimulation ceased. As the method uses water manometers and volume 
recorders which involve mechanical delay in the myogram, the actual 
times must be considerably shorter, but the fact that these two reactions 
are of the same order in time is thought to be strong evidence that the 
phrenic reaction is a normal one. 

Finally, it has been found that section of the vagus in the neck 
abolishes the response to phrenic stimulation, while subsequent stimula- 
tion of the peripheral end of the cut vagus still produces characteristic 
responses. This is thought to eliminate the possibility of mechanical 
interference or of direct spread of current from the phrenic to the lung 
as the nerve passes over the lung root. It is, on the other hand, thought 
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to prove that the phrenic nerve provides at least one afferent path for 
reflex bronchodilatation, while the efferent path is, as Dixon & Brodie 
showed, the vagus. 

This observation both offers an explanation of, and receives confirma- 
tion from, two well-known clinical phenomena. 

(1) That phrenic evulsion is often as effective for apical phthisis 
as for basal, which cannot be explained solely by the diaphragmatic 
paralysis. This fact is within the author’s experience and has been pub- 
lished by many others. 

(2) That re-education of diaphragmatic breathing is of great benefit 
to many asthmatic patients as shown by ee & Gillespie 
[1935]. 
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. Refiex secretion of the posterior pituitary elicited through the 


vagus. By H.C. Cuane, K. F. Cuts, C. H. Hsti and R. K. 8. Lim. 
(From the Department of Physiology, Peiping Union Medical College, 
Poiging) 

In a recent communication [1937] we reported that stimulation of 
the cut central end of the vagus nerve of the isolated dog’s head (i.e. of the 
head of a dog with the neck crushed so that only the connexion between 
the head and the trunk was through the carotid arteries and jugular 
veins) resulted in a pressor response in the trunk lasting several minutes, 
when the dog was eserinized (5 or more mg./kg.). It was further shown 
by tests on the cat’s blood pressure and the eserinized leech muscle, that 
acetylcholine is liberated during the nerve stimulation, and that the pres- 
sor response is due to an increased output of adrenaline brought about 
by the stimulating action of the liberated acetylcholine on the adrenal 


medulla. Although the latter conclusion was based on the fact that ex- 


clusion of the adrenal glands from the circulation prevented the pressor 
effect of vagus stimulation in the eserinized animal, the administration 
of cocaine did not potentiate the vagus effect in eserinized animals with 
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the adrenals intact. Subsequent tests, however, demonstrated that 
eserine and cocaine mutually interfere with each other, and that the 
absence of potentiation by cocaine after preliminary eserinization can 
be ascribed to this cause. 

An important finding which was not explained was the possibility of 
obtaining a vagus pressor effect without the protection of eserine. As it is 
hardly possible for acetylcholine to escape inactivation by blood esterase 
in the absence of eserine, this “non-eserine” vagal effect could not be due 
to output of adrenaline stimulated by acetylcholine. As we had not previ- 
ously examined the effect of cocaine on the non-eserine vagus response, this 
action was first put to experimental test with the idea that, if it turned 
out positively, we were probably dealing with sympathin liberated from 
sympathetic fibres contained in the vagus.’ In some eighteen experi- 
ments (isolated head preparation) in which the non-eserine vagus response 
was elicited before giving cogaine (8 mg./kg.), potentiation or, at any rate, 
a definite augmented vagal effect was obtained in only five instances 
after cocainization, whereas cocaine invariably potentiated the adrenal- 
ine effect. The result seemed to indicate that the non-eserine vagal agent 
was adrenergic, but considerable doubt was felt in view of the absence 
of cocaine potentiation in so large a proportion of the tests. If the agent 
was not adrenergic, i.e. neither sympathin nor acetylcholine-adrenaline, 
the only other known pressor agent which could be considered appeared 
to be pituitrm. As this seemed to be far fetched, and being unwilling 
to go to the trouble of removing the pituitary gland without further 
evidence, we first set out to determine whether the pressor effect of 
pituitrin (pitressin of Parke, Davis) could be “ potentiated” or augmented 
by cocaine. To our surprise we found that, in two out of the first three 
experiments, cocaine clearly augmented the pitressin effect. We therefore 
proceeded to remove the pituitary and in each of nine experiments 
succeeded in completely abolishing the non-eserine vagal response by 
hypophysectomy. In one experiment the same result was obtained by 
severing the pituitary stalk. We were thus forced to the conclusion that 
the vagus may call forth a reflex secretion of pituitrin. 

The question now arose as to whether our previous conclusion con- 
cerning the liberation of acetylcholine and adrenaline was still valid. The 
next obvious step was to repeat vagus stimulation in the hypophy- 
sectomized and eserinized animal. Such experiments have shown that a 
delayed pressor response, which can be abolished by ergotoxine, can still 


* The vagus and sympathetic components of the vagosympathetic trunk were separated 
close to their ganglia, and the latter divided. 
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be obtained. This substantiation of our previous observations permits us 
to conclude that central vagus stimulation results in (a) liberation of 
acetylcholine from central synapses, and (6) a refléx secretion of pituitrin. 


Chang, H.C., Chia, K. F., Hsii, C,H. & Lim, R. K. 8. (1937). Chinese J. Physiol. 12 (in 
the Press). 


Experimental reflex rigidities. By E. G. T. LippEet. 


The rigidity (spasticity) which develops in the limb of a cat after a 
dorsolateral lesion of the spinal cord is superficially similar to decerebrate 
rigidity, but is by no means the same, except in the main feature of over- 
activity in the lower motoneurone arc. The neurological level whence 
emanate the differences is above the level of the lower motoneurone. Thus, 
whereas decerebrate rigidity develops after transection of the mid-brain at 
intercollicular level, dorsolateral rigidity is abolished by this very tran- 
section, but is maintained, or not much impaired by a suprathalamic 
decerebration. Moreover, ventrolateral quadrisection of the cord abolishes 
decerebrate rigidity on that side without impairing dorsolateral rigidity. 
Decerebrate rigidity, too, is an acute state, while dorsolateral rigidity 
continues for months, although often masked by voluntary movements. 
The conclusion is reached, therefore, that connexion of the spinal cord 
with levels higher than the intercollicular level is essential for the main- 
tenance of dorsolateral rigidity. Limb rigidity from cortical i is 
found to be abolished by intercollicular decerebration. 


Effect of a liver diet upon the arterial pressure of a cat. 
By H. M. Carterton and E. G. T. Lippe. 


A method for the exteriorization of the carotid artery in cats was 
recently described by us [Liddell & Carleton, 1936], together with the 
effects of emotion and of a diet of meat or milk upon the blood pressure. 
Among other factors, there remained for examination the effects of a diet 
of liver, which in rabbits similarly examined by other workers has often 
been found to cause degenerative changes in the vascular system, ac- 
- companied by a raised arterial pressure of somewhat rapid onset. In one 
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of our cate, which has been fed daily for 126 days on 170 g. of fried liver, | 
we have found no change in arterial blood pressure beyond the limits 
existing on a mixed diet of cooked meat and fish, viz. 135-150 mm. Hg. 
The readings, indeed, have been remarkably steady. The body weight 
during the period of liver diet has fallen from 3900 to 3100 kg. There is 
no palpable hardening in the exteriorized artery and the animal appears 
to be in excellent health. The emotional reactions have remained much 
as before. 
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Effect of exercise on the excretion of chloride in man. 
By R. E. Havarp | 


After a short burst of violent exercise in men undergoing water 
diuresis there is a fall in the rate of excretion of chloride in the urine 
lasting about 4 hr. after exercise has ceased [Havard & Reay, 1926]. 
Further investigation showed that excretion fell to less than 50 p.c. of the 
resting rate, then rose gradually. Suppression of kidney activity during 
exercise is reflected in diminished excretion of water, phosphates and 
ammonia, as well as chloride. During the post-exercise period the ex- 
cretion rate (a) of water is about its resting value [Havard & Reay, 
1926], (b) of phosphates and ammonia is more than double the resting - 
rate [Havard & Reay, 1926], (c) of chloride is sometimes less than it is 
during even the exercise period. The fall in chloride excretion during 
the post-exercise period is therefore not due to a general inhibition of 
kidney activity. Part of the fall may be due to loss of chloride in sweat 
[Gregory & Lee, 1936], but not all. Much greater sweating, produced 
by immersion in a hot bath, resulted in a less well-marked fall. The 
subsequent rise did not occur, suggesting that after exercise the supply 
of chloride is temporarily shut off by some factor which later releases it, 
whereas after a hot bath the supply appears to be permanently exhausted. 

The cause of the temporary suppression of the chloride supply might 
be looked for in the effect of exercise on the gut. If it is assumed that 
this effect is to inhibit the absorption of chloride from the gut, it may well 
result in a slight fall of blood chloride. Owing to the great constancy of 
blood chloride concentration [Gregory & Lee, 1936], it may be expected 
that a slight fall will result in a considerable fall in the excretion rate. 
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But doubt is thrown on this hypothesis by the fact that water, which 
should behave similarly to chloride in this respect, is excreted at a normal . 
rate during the post-exercise period. 

Finally, this fall in chloride excretion may be connected with the 
acidosis due to excess of lactic acid in the blood. This temporary acidosis 
is the cause of the rise in the excretion of phosphates and ammonia 
[Haldane et al. 1923]. It may be the cause of the simultaneous fall in 
the excretion of chloride; if so, the mechanism remains very obscure. 


Gregory, R. A. & Lee, D. H. K. (1936). J. Physiol. 86, 204. 
Haldane, J. B. 8., Hill, R. & Luck, J. M. (1923). Ibid. 57, 301. 
Havard, R. E. & Reay, G. A. (1926). Ibid. 61, 35. 


Oxygen poisoning and the thyroid gland. 
By J. CAMPBELL 


Oxygen poisoning produces a marked fall of body temperature, and 
if this fall is prevented by keeping the external temperature at about 


33° C. the poisoning is markedly enhanced. By exposing white rats to 
six atmospheres of oxygen (Messrs Siebe Gorman’s pressure chamber) 
for 30. min. and decompressing them slowly for 20 min.—to prevent 
bubble formation—the protective influence of this fall of body tempera- 
ture has been demonstrated. Thus at 33° C. external temperature there 
are rarely any survivors, but at 24° C. external temperature there are 
rarely any deaths [Campbell, 1937]. An external temperature of 33° C. 
is quite harmless in itself. 7 

The above phenomenon has been studied more closely. Using an 
external temperature of 24° C. and white rats of about 80 g., the following 
substances, administered subcutaneously, are found to enhance oxygen 
poisoning: thyroxin (0-4 mg.), dinitrophenol (1-5 mg.), ac-tetrahydro-f- 
naphthylamine (0-5 c.c., 1 p.c.), adrenaline (0-02 mg.), pituitary extract 
(posterior lobe, above 3-5 units), insulin (0-025 v.) and eserine (0-045 mg. 
administered with atropine 0-075 mg.). These doses in themselves are 
harmless. 

Other factors which have been found previously (Campbell, 1937] 
to enhance oxygen poisoning are increase of CO, pressure in the tissues 
and administration of food (starvation protects, but is less effective than 
the temperature factor). It has now been found that injections of glucose 
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do not affect the result nor do injections of histamine, although in some 
animals poisoned by oxygen an increase in histamine (estimated by 
Dr C. F. Code) was found in blood. 

Some anssthetics have also been tested; urethane in the usual doses 
does not affect the result, but dial has a slightly protective effect, four 
out of ten rats surviving 30 min. exposure to six atmospheres of oxygen 
at 33° C. 

The only factor found so far to have a definitely protective effect 
against oxygen poisoning at 33° C. is thyroidectomy. The thyroids were 
removed from a number of white rats (Dr G. L. Brown kindly performed 
some of the operations), and some of them were given milk by mouth 
by means of a dropper for a few days after the operation and also a few c.c. 
of Ringer solution were injected subcutaneously to supply extra calcium. 
Six rats which recovered completely from the operation were exposed, 
about 2 weeks later, to six atmospheres of oxygen for 30 min. at 33° C.; 
none of them showed any of the usual symptoms of poisoning and all 
survived. 

From the above results it appears that oxygen poisoning is due to 


excessive and rapid oxidation in the nerve cells, and that the usual 


end products of metabolism, e.g. carbon dioxide, are responsible for the 
poisoning. It has already been demonstrated that in oxygen poisoning 
carbon dioxide accumulates in the tissues at an abnormally high pressure, 
high enough to be toxic [Campbell, 1930]. 

Attempts were made to exclude the possibility of formation of any 
extraordinary poisonous substances. Thus brains of mice poisoned by 
oxygen were macerated and injected into the peritoneal cavity of normal 
mice in large quantities, but no symptoms of oxygen poisoning appeared. 
Also brain tissue and liver tissue were macerated and mixed with thyroxin 
and then exposed to high oxygen pressure at 37° C. for periods up to 
1 hour. On intraperitoneal injection of large quantities of these tissues— 
treated in this way—into normal mice, no poisonous effects were pro- 
duced. 

It is concluded that oxygen poisoning is due to acceleration and 
increase of the usual oxidative processes in the nerve centres and that the 
thyroid gland plays an important part in this toxic action. 
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Action of the galvanic current on the skin. 
By Lzonarp Hitt and H. J. Tayior 


Lewis & Zotterman [1927] proved that the high resistance dis- 
played by skin to galvanic currents resides in its superficial and horny 
layer and not in the living cells as claimed by Ebbecke. Breach of the 
horny layer at once lowered the resistance. They carried out experiments 
with a fine needle point which, laid on the skin of the forearm, acted as the 
kathode while the anode was a vessel of water into which the hand was 
plunged. A battery of 4 volts was used with a microampere meter in the 
circuit. At first little or no current passed, but in about 15 sec. the current 
increased abruptly; on reaching a value of 70-100 microamperes the 
subject felt pain at the needle point. If the needle point was watched 
under the microscope (magnification 60 being enough), at the instant 
pain was felt minute bubbles were seen forming round the needle point, 
“others collect within the horny layer of the skin lifting and disrupting it.” 

Bubbles of gas in electrolysis can, however, only be set free on the 
metal pole. To put this to the test we observed the circulation in the frog’s 
web under the microscope bringing the needle-point electrode which lay 
on the surface of the web into the field of view. After a short latent 
period, bubbles of gas formed on the needle point; none within the 
substance of the web. Stasis finally occurred in a small area surrounding 
the point. On examining similarly the skin of the forarm it was seen that 
while bubbles of gas formed on the needle point, there were signs of 
surging in the horny layer beneath it. This is because sodium is liberated 
and attacks the tissue fluid forming sodium hydroxide. We tried pressing 
a small piece of metallic sodium on to the surface of the skin. Under the 
microscope the appearance was the same, and the latent period without 
pain due to the time taken to destroy the horny layer. The subsequent 
whealing and colour changes were identical. If the needle is made the 
positive pole, somewhat similar results occur owing to the liberation of 
chlorine as shown on putting a small crystal of potassium iodide on the 
skin near the positive pole. Iodine is liberated. If the skin on which the 
needle is placed is kept slightly moist whealing is not produced until the 
current is raised to a much higher value. The latent period and subsequent 
rise in current were not so well marked, showing again that it is the de- 
struction of the horny layer which is responsible for these effects. A piece 
of caustic soda placed on the skin does not produce the same whealing 
effect as metallic sodium or the passage of the electric current. In the 
ordinary method of treatment by the galvanic current, flat metal plates 
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are separated from contact with the skin by a pad of wet lint. We found 
on passing a galvanic current through the skin of the forearm that, after 
a time, traces of alkali and acid were detectable, under the negative and — 
positive poles respectively, by using chemical indicators such as phenol- 
phthalein and methyl orange. After dipping the lint of the negative pole 
in a weak sodium carbonate solution and that of the positive pole in a 
weak hydrochloric acid solution, a much weaker current and a shorter 
time of application produced pain, and that the application if severe 
enough was followed by a most remarkable cluster of wheals under each 
pole. Those under the alkali pad were small and reddish pimples and 
those under the acid large white and flat topped. The wheals soon dis- 
appeared, but at the centre of each, if the application had been painful 
and kept up for a few minutes, a brown spot of injury resulted which 
took many days to disappear. The horny layer of the palm was immune 
to this action, and the front of the wrist much less sensitive than the 
skin of the upper forearm. A thicker horny layer then protects from 
whealing although pain is felt under the pole. Using current of about 
0-2 milliampere per sq. cm. on an area of 20 sq. om. it was found that 
application of the negative pole for 1 min. on the upper arm produced 
flushing, almost no wheals and no points of injury; for 2 min., a few 
wheals and one or two subsequent points of injury; for 3 min., many 
wheals and many points of injury. There appeared to be no association 
of the points of injury with the hair roots. It is at points of closest 
contact of the lint that wheals probably appear. 

Conclusion. Flushing of the skin produced by the galvanic current 
can be intensified greatly by wetting the lint in which the positive pole 
is wrapped in a weak acid and that of the negative pole in weak alkali 
solution. The pain is due to the stimulation of nerve endings by the H, or | 
OH, ions set free at the two poles. 


A grant has been made by the Medical Research Council in aid of the expenses of this 
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